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Cryptosporidium and Giardia are protozoan parasites that may cause gastrointestinal disease 
in a wide range of species, including humans and sheep, and impact profitability along the 
sheep meat supply chain. At present, sources of Cryptosporidium and Giardia infections on 
Australian sheep farms have not been described. This project aimed to determine whether 
contaminated drinking water supply, such as dams, may represent an important transmission 
source of Cryptosporidium and Giardia in extensively managed sheep, and whether the 
quantity of Cryptosporidium and Giardia (oo)cysts in dam water was greater during the winter 
months after high rainfall events. Water samples (n = 16) from 12 paddock dams and faecal 
samples (n = 274) from 11 mobs of sheep with access to the sampled dams were collected 
during autumn and winter from six commercial farms in south west Western Australia. 
Cryptosporidium oocysts and Giardia cysts were recovered from dam water samples using a 
calcium carbonate flocculation technique and genomic DNA was extracted from dam water 
and faecal samples with commercially available DNA extraction kits. Quantitative PCR 
(qPCR) was used to screen for the presence of Cryptosporidium spp. and Giardia spp. at the 
18S ribosomal RNA (18S) locus and glutamate dehydrogenase (gdh) locus, respectively, and 
(oo)cyst quantitation was carried out using standards calibrated by droplet digital PCR 
(ddPCR) to estimate gene copy numbers. Conventional nested PCR was then used to amplify 
a longer fragment (>1 kb) of the 18S locus qPCR positive samples and the products were 
sequenced with Sanger sequencing to identify the Cryptosporidium species present in faecal 
and water samples. Cryptosporidium ubiquitum was further subtyped at the gp60 locus with 
nested PCR and Sanger sequencing. Conventional nested PCR that targeted the tpi locus of 
Giardia duodenalis assemblage A, B and E and Sanger sequencing were used on faecal samples 
that were qPCR positive for Giardia at the 18S locus to identify G. duodenalis assemblages. 
Conventional PCR was also performed on dam water samples. The overall prevalence of 
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Cryptosporidium spp. in faecal samples was 25/274 (9.1%; 95% CI, 6.3-13.1) with C. xiaoi 
and C. ubiquitum subtype family XIIa detected. The overall prevalence of G. duodenalis with 
the gdh qPCR was 20/198 (10.1%; 95% CI, 6.6-15.1), with G. duodenalis assemblage A and 
E detected by nested PCR.  There was no detection of G. duodenalis assemblage B in faecal or 
dam water samples. The average quantity of oocyst and cyst shedding in faeces was highest 
for C. ubiquitum (61,144 ± 97,999 (oo)cyst/g faeces) and lowest for G. duodenalis assemblage 
A (4,252 ± 3,081 (oo)cyst/g faeces). Cryptosporidium spp. was not detected in dam water 
samples with nested PCR. However, G. duodenalis assemblage A and E were detected by 
conventional nested PCR at the tpi locus, but Sanger sequencing only confirmed G. duodenalis 
assemblage E in 6/7 samples positive by nested PCR. G. duodenalis assemblage E was detected 
in 6/7 sheep flocks with access to dams positive for G. duodenalis assemblage E. There was 
no evidence of association between season and detection of pathogens in dam water.  The 
findings from this project suggest that dam water may represent one source of transmission for 
G. duodenalis assemblage E infections in sheep, but other transmission routes are more likely 
for C. ubiquitum subtype XIIa, C. xiaoi and G. duodenalis assemblage A infections in these 
sheep. Future studies could aim to assess impact of other transmission routes, such as faecal 
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1. Literature review 
1.1. The protozoan parasites Cryptosporidium and Giardia 
Cryptosporidium and Giardia are enteric protozoan parasites that cause the diseases 
cryptosporidiosis and giardiasis, respectively, in humans and animals (Kassai et al., 1988; 
Thompson and Ash, 2016). Cryptosporidium has an incubation period of 2-14 days before the 
onset of clinical symptoms, typically including profuse watery diarrhoea, abdominal cramps, 
nausea, vomiting, weight loss and a low-grade fever (Certad et al., 2017). Asymptomatic 
Cryptosporidium infections result in carriers shedding oocysts intermittently at times of stress 
and parturition (Helmi et al., 2011). Cryptosporidiosis is usually a self-limiting disease, 
however infections persist in immunocompromised individuals (Hunter and Nichols, 2002; 
Thomas Iv et al., 2014). Intractable diarrhoea and wasting have been reported in HIV-positive 
humans infected with Cryptosporidium (Ryan et al., 2016; Certad et al., 2017), and infections 
in children have been linked with malnutrition, growth retardation, weakened immune response 
and cognitive defects (Ryan et al., 2016).  
Giardia has a similar incubation time to Cryptosporidium (1-2 weeks) and clinical 
symptoms typically include watery diarrhoea, epigastric pain, nausea and vomiting (Certad et 
al., 2017). Giardiasis causes prolonged diarrhoea, usually lasting approximately 1-3 weeks and 
occasionally up to one month (Certad et al., 2017). As with Cryptosporidium, asymptomatic 
Giardia infections are common, and intermittent shedding of cysts may occur at times of stress 
such as parturition (Certad et al., 2017). Giardiasis is usually self-limiting, however recurrent 
outbreaks are common in endemic regions (Certad et al., 2017). Chronic Giardia infections are 
associated with weight loss, malabsorption, growth retardation and wasting in children in 
developing countries (Berkman et al., 2002; Osman et al., 2016). 
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Cryptosporidium and Giardia infections are increasingly reported worldwide 
especially in young livestock (Baldursson and Karanis, 2011). In livestock, Cryptosporidium 
and Giardia may cause diarrhoea (scouring), and faecal shedding, this can lead to 
contamination of the environment with cysts and oocysts persisting in faeces, soil and water 
for up to 9 weeks (Tyzzer, 1912). Oocyst/cyst shedding by livestock at slaughter can result in 
contamination of carcases, meat products and effluent from farms and abattoirs (Ryan et al., 
2005a; Smith et al., 2014; Yang et al., 2015b). Little research has been done on the transmission 
dynamics of Cryptosporidium and Giardia in young sheep. However, studies suggest that both 
parasites are likely transmitted by feed and water contaminated with faeces. A major 
knowledge gap is whether drinking water on sheep farms represents an important source of 
infection for lambs.  
 
1.2. Taxonomy 
1.2.1. Taxonomy of Cryptosporidium 
The taxonomy of Cryptosporidium has been controversial for many years with several 
taxonomic revisions (Thompson et al., 2016). Originally, Cryptosporidium was thought to be 
a Coccidia. However, Cryptosporidium lacks significant morphological structures of 
coccidians including sporocyst, micropyle and polar granules, and molecular analyses have 
confirmed that Cryptosporidium is more closely related to gregarines (subclass Gregarinasina) 
than to the Coccidia. Consequently, Cryptosporidium has been formally transferred from 
subclass Coccidia (class Coccidiomorphea) to a new subclass, Cryptogregaria, within the class 
Gregarinomorphea (Cavalier-Smith, 2014). Cryptosporidium is currently the sole 
Cryptogregaria within the gregarine parasites and is described as an epicellular parasite of 




Cryptosporidium species were initially delimited based on oocyst morphology and host 
occurrence of the parasite (Ryan et al., 2014). However, Cryptosporidium oocysts lack distinct 
morphological features, and therefore molecular characterisation is essential to distinguish 
species (Fall et al., 2003; Xiao, 2010). A set of guidelines to allow researchers to delimit 
Cryptosporidium are now routinely followed, and include: (1) morphometric studies of the 
oocysts; (2) genetic characterisation at two loci and submission of GenBank accession 
numbers; (3) some evidence of host range and specificity, and (4) compliance with 
International Code of Zoological Nomenclature (Xiao et al., 2004). As a result, there are 
currently 39 valid species of Cryptosporidium (Table 1.1), with > 40 genotypes described from 
various vertebrate hosts on the basis of morphology and molecular characterisation. Of these, 
8 Cryptosporidium species have been reported in sheep, including C. andersoni, C. fayeri, C. 
hominis, C. parvum, C. scrofarum, C. suis, C. ubiquitum and C. xiaoi (Table 1.1).  
 
 
Table 1.1 Valid Cryptosporidium species. 




Reported in humans References 
C. xiaoi Sheep & goats Yes Yes  Single report (Fayer and Santín, 2009; Yang et al., 
2014d) 
C. parvum Ruminants Yes Yes  Commonly reported (Tyzzer, 1912; Koinari et al., 2014; Yang 
et al., 2014d) 
C. ubiquitum Ruminants, rodents, 
primates 
Yes Yes Yes (Fayer et al., 2010; Yang et al., 2014d) 
C. andersoni Cattle Yes Yes Yes (Ryan et al., 2005a; Koinari et al., 2014) 
C. fayeri Marsupials Yes No Yes (Ryan et al., 2005a; Ryan et al., 2008) 
C. hominis Humans Yes Yes Commonly reported (Fall et al., 2002; Ryan et al., 2005a) 
C. scrofarum Pigs Yes No No (Kváč et al., 2013; Koinari et al., 2014) 
C. suis Pigs Yes Yes Yes (Ryan et al., 2004; Ryan et al., 2005a) 
C. bovis Cattle No No Yes (Fayer et al., 2005) 
C. ryanae Cattle No No Yes (Fayer et al., 2008) 
C. meleagridis Birds & humans No No Commonly reported (Slavin, 1955) 
C. viatorum Humans No No Yes (Elwin et al., 2012) 
C. canis Dogs No No Commonly reported (Fayer et al., 2001) 
C. felis Cats No No Commonly reported (Iseki, 1979) 
C. erinacei Hedgehogs, horses No No Single report (Kváč et al., 2014) 
C. muris Rodents No No Commonly reported (Tyzzer, 1907, 1910))  
C. proliferans Rodents No No None reported (Kváč et al., 2016b) 
C. tyzzeri Rodents No No Commonly reported (Tyzzer, 1912; Ren et al., 2012) 
C. homai Guinea pigs No No None reported (Zahedi et al., 2017a) 
C. wrairi Guinea pigs No No None reported (Vetterling et al., 1971) 
C. cuniculus Rabbits No No Yes (Robinson et al., 2010) 
C. rubeyi Squirrels No No None reported (Li et al., 2015) 
C. macropodum Marsupials No No None reported (Power and Ryan, 2008) 
C. avium Birds No No None reported (Holubová et al., 2016) 
 
 
C. baileyi Birds No No None reported (Current et al., 1986) 
C. galli Birds No No None reported (Pavlásek, 1999; Ryan et al., 2003) 
C. fragile Toads No No None reported (Jirků et al., 2008) 
C. varanii Lizards No No None reported (Pavlásek et al., 1995) 
C. serpentis Snakes & lizards No No None reported (Levine, 1980) 
C. ducismarci Tortoises No No None reported (Traversa, 2010; Jezkova et al., 2016) 
C. testudinis Tortoises No No Yes (Jezkova et al., 2016) 
C. huwi Fish No No None reported (Ryan et al., 2015) 
C. molnari Fish No No None reported (Alvarez-Pellitero and Sitjà-Bobadilla, 
2002; Kváč et al., 2016a) 
C. scophthalmi Turbot No No None reported (Alvarez-Pellitero et al., 2004; Li et al., 
2015; Costa et al., 2016)  
C. apodemi  Mice No No None reported (Čondlová et al., 2018) 





1.2.2. Taxonomy of Giardia 
Giardia belongs to Phylum Metamonada, Subphylum Trichozoa, Superclass 
Eopharyngia, Class Trepomonadea, Subclass Diplozoa, Order Giardiida and Family Giardiidae 
(Cavalier-Smith, 2003). Currently, eight Giardia species are accepted as valid (Table 1.2); G. 
duodenalis (syn. G. intestinalis and G. lamblia), G. agilis, G. ardeae, G. psittaci, G. muris, G. 
microti and G. peramelis (Monis et al., 2009; Ryan and Cacciò, 2013; Hillman et al., 2016; 
Cacciò et al., 2017). Of these, G. duodenalis has the broadest host range and is the species most 
commonly reported in sheep. In contrast, the remaining species predominantly infect 
amphibians, rodents, birds and marsupials. 
There has been considerable controversy, however, surrounding the taxonomy of 
Giardia with as many as 51 species of Giardia described, including 30 from mammals, 14 
from birds, four from amphibians, two from reptiles and one from fish (Thompson and Monis, 
2012). Following the work of Filice (1952), the taxonomy was revised to include only three 
valid species, G. muris, G. agilis and G. duodenalis, based on morphological features including 
the shape of median bodies (internal cytoskeletal structures), and the length and shape of 
trophozoites and cysts. Since then, G. psittaci and G. ardeae were discriminated on the basis 
of trophozoite ultrastructure (Erlandsen and Bemrick, 1987; Erlandsen et al., 1990) and G. 
microti on the basis of fully differentiated trophozoites in the cysts (Feely, 1988), with 
subsequent genetic characterisation (Monis et al., 1999). In 2016, G. peramelis was described 
in Australian bandicoots (Isoodon obesulus) using molecular data (Hillman et al., 2016), and 
in 2018, G. cricetidarum was described in hamsters, also using molecular characterisation (Lyu 
et al., 2018). This gives a total of eight currently accepted species (Table 1.2). Of these, only 





Genetic characterisation at multiple loci has shown that G. duodenalis is a species 
complex that consists of eight genetic assemblages (A to H). The assemblages have different 
host specificities; assemblages A and B have been reported in humans and other mammals; C 
and D in dogs and other canids; E mainly in ungulates; F mainly in cats; G in rats and mice; 
and H in marine mammals (Cacciò et al., 2017) (Table 1.3). Of these, G. duodenalis 
assemblages A, B and E have been reported in sheep (Zhang et al., 2012a).  
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Table 1.2 Currently accepted Giardia species. 
Giardia Species Host/s Morphological features Length and width of 
the trophozoite (µm) 
References 







Pear-shaped trophozoites with claw-
shaped median bodies. 
12-15 × 6-8 (Filice, 1952) 
G. agilis Amphibians Long, narrow trophozoites with club-
shaped median bodies. 
20-30 × 4-5 (Feely and Erlandsen, 
1985) 
G. ardeae Birds Rounded trophozoites, with prominent 
notch in ventral disc and rudimentary 
caudal flagellum. Median bodies round-
oval to claw shaped. 
~10 × ~6 (Erlandsen et al., 1990) 
 
G. microti Muskrats and voles Trophozoites similar to G. duodenalis. 
Mature cysts contain fully differentiated 
trophozoites. 
12-15 × 6-8 (Keulen et al., 1998) 
G. muris Rodents Rounded trophozoites with small round 
median bodies. 
9-12 × 5-7 (Grassi, 1879) 
G. psittaci Birds Pear-shaped trophozoites, with no 
ventro-lateral flange. Claw-shaped 
median bodies. 
~14 × ~6 (Erlandsen and 
Bemrick, 1987) 
G. peramelis Bandicoots Cysts morphologically 
indistinguishable from G. duodenalis 
and G. microti. 
~12 × ~8 (Hillman et al., 2016) 
G. cricetidarum Hamsters Trophozoites larger and rounder than 
most other species of Giardia. 
14 (12-18) × 10 (8-12) (Lyu et al., 2018) 
Literature Review 
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Table 1.3 Giardia duodenalis assemblages. 
Assemblage Main Host Reported in 
sheep 
Reports in humans References 
A Humans & 
other 
mammals 
Yes Commonly reported (Zhang et al., 
2012b; Cacciò et 
al., 2017) 







(Zhang et al., 
2012b; Cacciò et 
al., 2017)  
C Domestic and 
wild canids 
No Occasional reports 
in humans in China 
and Slovakia 
Liu et al. (2014); 
Štrkolcová et al. 
(2015) 
D Domestic and 
wild canids 
No One report in 
German travellers 







reported in humans 
in recent years 
(Foronda et al., 
2008; Zhang et al., 
2012a, b; Helmy et 
al., 2014; Abdel-
Moein and Saeed, 
2016; Fantinatti et 
al., 2016; Scalia et 
al., 2016; Zahedi et 
al., 2017c) 
F Cats No One report in 
humans in Ethiopia 
(Gelanew et al., 
2007) 
G Rodents No No reports (Cacciò et al., 
2017) 
H Pinnipeds No No reports (Cacciò et al., 
2017) 
 
1.3. Life cycles 
1.3.1.  Life cycle of Cryptosporidium 
Cryptosporidium has a direct life cycle involving a single host in which asexual 
(merogony/schizogony) and sexual reproduction (gametogony) occurs (Cacciò and Widmer, 
2013; Sponseller et al., 2014) 
Figure 1.1. The infected host excretes a thick shelled robust oocyst in their faeces which 
persists in the environment (Cacciò and Widmer, 2013). 
When a susceptible host ingests an oocyst, the cell wall opens up by suture (excystation) 
releasing sporozoites (Cacciò and Widmer, 2013). Sporozoites attach to the epithelial cells of 
Literature Review 
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the small intestine where they transform into trophozoites (Cacciò and Widmer, 2013). The 
trophozoites undergo asexual reproduction known as ‘merogony’ or ‘schizogony’ resulting in 
the production of eight merozoites (type I meronts) (Cacciò and Widmer, 2013). Merozoites 
are released into the intestinal lumen where they infect new intestinal cells and create type II 
meronts which are characterised by four merozoites, which undergo sexual reproduction 
known as "gametogony" to produce either a macrogametocyte (female) or a microgametocyte 
(male) (Cacciò and Widmer, 2013). Microgamonts divide by nuclear fission to produce 
multiple microgametocytes which can fertilise a macrogametocyte to form a zygote which 
undergoes sporogony (Cacciò and Widmer, 2013). 
Two types of sporulated cysts are produced from sporogony; infectious thick-walled 
oocysts which are excreted in the faeces and thin walled cyst which can result in autoinfection 
of the host (Cacciò and Widmer, 2013). Thick shelled oocysts are able to survive outside of 





Figure 1.1 Life cycle of Cryptosporidium. Source: Cacciò and Widmer (2013) 
 
1.3.2. Life cycle of Giardia 
The life cycle of Giardia is direct, involving a single host (Figure 1.2). The life cycle 
begins with the ingestion of a cyst. The cyst excysts in the stomach, releasing trophozoites that 
attach to the epithelium of the small intestine (Gleeson and Gray, 2002). The trophozoites 
multiply by the asexual process of binary fission, and travel along the intestinal tract where 
they form cysts in the ileum (Esch and Petersen, 2013). The robust cysts (environmental stage) 
are excreted in the faeces leading to environmental contamination. Trophozoites are also 
excreted in the host faeces, however these usually disintegrate in the environment (Gleeson 




Figure 1.2 The lifecycle of Giardia in humans and in the external environment. Source: Esch 
and Petersen (2013) 
 
 
1.4. Parasite transmission 
Cryptosporidium and Giardia cysts and oocysts are transmitted to a susceptible host 
via the faecal-oral route. Methods of transmission may be direct or indirect, and includes 
human-to-human, animal-to-animal, animal-to-human (zoonotic) or human-to-animal 
(anthropozoonotic) infection, typically through the consumption of contaminated food or water 
(Fayer et al., 2000). Cryptosporidium oocysts can also be transmitted by the inhalation of 
aerosol droplets leading to respiratory infections (Sponseller et al., 2014). 
Literature Review 
 13 
Cryptosporidium and Giardia oocysts/cysts are highly resistant and survive for 
extended periods of time in cool moist conditions (Smith et al., 2006). In water, Giardia cysts 
are able to survive for up to two months and a small proportion of Cryptosporidium oocysts 
have been reported to survive for up to six months (Smith et al., 2006). Oocyst and cyst 
transport to surface water can occur by deposition of manure directly in the water or via surface 
runoff. Hence, humans, wildlife and domestic livestock all potentially contribute to 
Cryptosporidium and Giardia contamination of water systems (Fayer et al., 2000; Zahedi et 
al., 2016a). 
 
1.5. Treatment and prophylaxis 
No vaccine is available for cryptosporidiosis and although hundreds of drugs have been 
tested for prophylaxis and treatment of cryptosporidiosis in animals and humans, only one, 
Nitazoxanide (Alinia®), has been approved for use in humans by the United States Food and 
Drug Administration. This drug exhibits only moderate clinical efficacy in children and 
immunocompetent people and none in people with HIV (Abubakar et al., 2007; Amadi et al., 
2009; Pankiewicz et al., 2015).  
Similarly, a vaccine for giardiasis is not available, and current treatments include 
nitzoxanide and 5-nitroimidazole compounds such as metronidazole and tinidazole (Einarsson 
et al., 2016). Albendazole is also used to treat giardiasis, but efficacy varies markedly (25–
90%) depending on the dosing regimen (Miyamoto and Eckmann, 2015). Resistance to all 
major anti-giardial drugs has been reported (Ansell et al., 2015). 
In the absence of effective therapeutics, control involves managing transmission using 
appropriate sanitation (Ryan et al., 2014), and guidelines are available for control strategies 
based on the recommendations of the WHO Neglected Disease Initiative in 2002 (Savioli et 
al., 2006). For more effective control, a One Health approach is needed that involves 
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collaboration between veterinarians, general practitioners, environmental managers and public 
health officers.  Transmission routes must be well understood, sanitation needs be improved 
and risk management schemes should be implemented. 
 
1.6. Parasite detection and characterisation 
Cryptosporidium and Giardia have been traditionally identified using conventional 
methods including microscopy, antibody and enzyme approaches. However, when compared 
with modern molecular methods, such as PCR and Sanger sequencing, microscopy is less 
sensitive and cannot reliably identify morphologically indistinguishable species, and antibody 
and enzyme assays lack specificity (Adeyemo et al., 2018). PCR and Sanger sequencing have 
improved the accuracy of species identification for Cryptosporidium and Giardia, and have led 
to the rapid discovery of novel species, genotypes and assemblages (Gelanew et al., 2007; 
Chelladurai et al., 2016; Čondlová et al., 2018).  
 
1.6.1. Microscopic methods 
The most common staining techniques for Cryptosporidium include differential 
staining methods (eg. Methylene Blue and Ziehl-Neelson), fluorochrome staining and negative 
staining techniques (eg. Malachite green and merbromide). However, these stains cannot 
distinguish species due to lack of distinguishing oocyst features (Fayer et al., 2000).  
Giardia cysts are not stained using acid fast techniques, but can be determined using a 
modified version of Ziehl-Neelson or Kinyoun white light stains (Adeyemo et al., 2018). The 
cysts are stained with methylene blue counterstain and identified in stained smears (Adeyemo 
et al., 2018). Simple stains such as iodine, iron haematoxylin, Giemsa and trichrome are also 





1.6.2. Immunological detection of cysts/oocysts 
Immunological-based methods include polyclonal fluorescent antibody tests, latex 
agglutination reactions, immunofluorescence with monoclonal antibodies, enzyme-linked 
immunosorbent assays (ELISA), reverse passive haemagglutination, immunoserology using 
immunofluorescence detection, and solid-phase qualitative immunochromatographic assays 
(Fayer et al., 2000). However, application of these methods is limited due to cross-reactivity 
with multiple Cryptosporidium or Giardia species, and also with other microorganisms 
(Zahedi et al., 2018) (i.e. organisms and particulate material from the host species may 
fluoresce at the same intensity), which can occur due to the non-specific nature of antibody-
based methods (Fayer et al., 2000; Koehler et al., 2014). 
 
1.6.3. Molecular detection and characterisation of Cryptosporidium and 
Giardia  
The 18S rRNA (18S), GP60 and actin genes allow for the molecular detection and 
characterisation of Cryptosporidium. The 18S rRNA (18S) gene is widely used for genotyping 
due to its multicopy nature and hence high sensitivity. However, this relies heavily on a limited 
number of polymorphic sites and with only small regions are targeted, this has resulted in lack 
of concordance in some studies (Ryan and Cacciò, 2013). Cryptosporidium species are 
typically characterised using conventional PCR with primers that target the 18S gene (Xiao 
and Feng, 2017). Semi-conserved and hypervariable regions of the 18S gene sequences are 
analysed to distinguish between species (Xiao and Feng, 2017). Genotyping of 
Cryptosporidium requires primers specific for the GP60 locus or the actin gene.  The GP60 
gene is the most heterogeneous locus in the genome and can be used to genotype C. hominis, 
C. parvum and C. ubiquitum. This gene encodes a protein that helps in the invasion of gastro-
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intestinal cells and zoite attachment, and is therefore also biologically relevant (Strong et al., 
2000; Xiao, 2010).  
Sequencing of the actin gene is another commonly employed characterisation technique 
as polymorphisms occur along this whole gene, caused by its ability to evolve rapidly (Xiao et 
al., 2004; Zahedi et al., 2017b). The actin gene is widely distributed and highly conserved 
single copy microfilament protein encoding gene that is thought to play a role in gliding, 
motility and penetration of sporozoites into host cells (Nelson et al., 1991). 
Multi-locus fragment typing and multi-locus sequence typing are used to enhance the 
resolution of the subtyping produced by gp60 sequence analysis (Xiao and Feng, 2017). 
Subtyping tools such as the DNA sequence analysis of 60 kDa glycoprotein (gp60/40/15) are 
often used to better understand the transmission dynamics of Cryptosporidium species, and 
have been widely used to study C. hominis and C. parvum in humans and animals (Xiao, 2010).  
Several molecular techniques can be used for the detection of Cryptosporidium and 
Giardia including Quantitative polymerase chain reaction (qPCR), Digital droplet polymerase 
chain reaction (ddPCR) and Next generation sequencing (NGS). qPCRs are often used for the 
identification of Cryptosporidium and Giardia due to their high sensitivity (Yang et al., 2014b). 
This technique allows the quantification of DNA by the calibration of standard curves with 
known concentrations of (oo)cysts and the use of fluorescent dyes (Yang et al., 2014b). This 
method allows for the enumeration of (oo)cysts in faecal or water samples (Yang et al., 2014b). 
 In comparison Digital droplet polymerase chain reaction (ddPCR) involves the 
implementation of conventional PCR and allows the quantification of nucleic acids without a 
calibration curve with fluoresce used to determine positive and negative samples (Yang et al., 
2014b). Each sample is partitioned into uniform droplets and analysed individually (Yang et 
al., 2014b). The amount of pathogen present in the original sample can be calculated using 
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Poison statistics (Yang et al., 2014b). This technique is expensive however it is less affected 
by the presence of inhibitors (Yang et al., 2014b).  
A caveat for PCR, Sanger sequencing and molecular fingerprinting tools is the limited 
ability for identification of mixtures of species and genotype within the sample. Next 
generation sequencing can overcome this issue by sequencing individual reads in a massively 
parallel manner (Shendure and Ji, 2008). Next generation sequencing (NGS) has been recently 
used to identify mixtures of Cryptosporidium spp. (Xiao and Feng, 2017). For example, Zahedi 
(2016b, 2018) identified coinfections in 1.7% of Cryptosporidium samples in drinking water 
catchments and detected a range of 2-8 Cryptosporidium species per water sample in QLD 
WWTPs. Genes that have been targeted for Cryptosporidium-specific NGS include 18S and 
actin (Xiao and Feng, 2017; Zahedi et al., 2018).  
In order to understand the transmission dynamics of Giardia, especially for species 
commonly infecting humans, multi-locus typing, using various combinations of genes are 
essential (Cacciò and Ryan, 2008). It has been suggested that a minimum of three loci be used 
in multi-locus typing, and these should include gdh, tpi and bg (Ryan and Cacciò, 2013). A 











Table 1.4  Genes used for identification of Giardia at the species, assemblage and sub-
assemblage levels 
Genetic Marker Function Sequences availability Reference 
MLh1 DNA repair G. duodenalis assemblages A, B (Lasek-Nesselquist 




Housekeeping G. duodenalis assemblages A-H 
G. muris 
G. ardeae 
(Monis et al., 1999) 
Triose phosphate 
isomerase (tph) 











G. duodenalis assemblages A-H 
G. muris 






G. duodenalis assemblages A-H 
G. muris 
G. ardeae 
(Monis et al., 1999) 
 
Molecular advancements have led to the development of assemblage specific PCR and 
qPCR assays for the detection of G. duodenalis assemblages A, B and E and the identification 
of mixed infections of G. duodenalis genotypes (Lebbad et al., 2011; Vanni et al., 2012; Lith 
et al., 2015). 
Next generation sequencing is often used to identify Giardia duodenalis assemblages, 
sub-assemblages and subtypes (Asher, 2015). NGS allows the analysis of genetic variation 
between subtypes (Asher, 2015). This method enables the detection of mixed Giardia 
duodenalis assemblages (Asher, 2015). 
 
1.7. Molecular epidemiology  
1.7.1. Molecular epidemiology of cryptosporidiosis 
Humans are susceptible to a wide range of Cryptosporidium species and genotypes. 
Approximately 17 species have been reported in humans (Table 1.1), with Cryptosporidium 
hominis and Cryptosporidium parvum the main species infecting humans globally (Ryan et al., 
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2016). Cryptosporidium hominis infects mostly humans and non-human primates, thus is 
predominately transmitted anthroponotically, whereas C. parvum infects humans as well as 
ruminants and some other animals, therefore can be transmitted both anthroponotically and 
zoonotically. A zoonotic disease is an infection that is transmitted from an animal to a human 
where as an anthroponotic diseases is an infection transferred from a human to an animal 
(Filetoth, 2008). C. ubiquitum is an emerging zoonotic pathogen that has wide distribution and 
a broad host range including sheep and wild rodents. Humans and animals can be infected with 
other host adapted genotypes, however this is dependent on the immune status of the host 
(Thompson and Ash, 2016).  
Although cattle can be infected with a range of Cryptosporidium species, C. parvum is 
responsible for approximately 85% of Cryptosporidium infections in pre-weaned calves 
(Santın et al., 2004; Santín et al., 2008; Ng et al., 2011; Gong et al., 2017). Eight 
Cryptosporidium species have been identified in sheep using molecular techniques (Table 1.1). 
A number of reviews have concluded that of these, C. parvum, C. ubiquitum and C. xiaoi are 
reported with the highest prevalence in sheep worldwide (Yang et al., 2014d). 
 
1.7.2. Molecular epidemiology of giardiasis 
Giardia duodenalis assemblages A and B are the dominant assemblages infecting 
humans, and humans can also be infected with other assemblages (Table 1.3). Globally, 
assemblage A is generally more prevalent in humans (58%) in comparison with assemblage B 
(37%) (Ryan and Cacciò, 2013). Infections with mixed Giardia assemblages A and B have 
been occasionally identified, however these mixed infections appear to be more common in 




Assemblages A has been further subdivided into three sub-assemblages: AI, AII and 
AIII, with AI and AII found in both humans and animals such as dogs, cats, livestock, and 
wildlife and sub-assemblage AIII found in wild ruminants (Feng and Xiao, 2011). Similarly, 
sub-assemblages BI, BII, BIII and BIV were described within assemblage B, however the BIII 
and BIV sub-assemblages identified by allozyme electrophoresis are not supported by DNA 
sequence analysis (Monis and Thompson, 2003; Feng and Xiao, 2011) with assemblage A, 
human isolates appeared to form two clusters (BIII and BIV), whereas animal isolates 
(monkeys and a dog) belonged to sub-assemblages BI and BII (Monis and Thompson, 2003). 
Assemblage B is not commonly identified in sheep or goats; however, infections have 
been reported in China, Norway, Italy and Spain (Ryan and Cacciò, 2013). Assemblage B 
infections were associated with significant weight loss and a high mortality rate in sheep in 
Italy (Aloisio et al., 2006). 
In livestock, the dominant assemblages are A and E (Feng and Xiao, 2011). Studies in 
Australia suggests that sheep may contribute to the contamination of watersheds with a high 
prevalence of shedding of the livestock assemblage E reported in a number of studies (Ryan et 
al., 2005b; Sweeny et al., 2011c; Yang et al., 2014a; Yang et al., 2014c). As Assemblage E is 
now reported in humans (Table 1.3), it is considered an emerging human pathogen (Fantinatti 
et al., 2016).  
 
1.8. Protozoan parasite impacts on the sheep industry 
1.8.1. Parasite prevalence in Australian sheep 
Protozoan infections have been reported in Australian sheep, with a high prevalence 
reported in Western Australia (WA) (Table 1.5). Sweeny et al. (2011b) reported that 
Cryptosporidium and Giardia were common in young sheep. A study on WA farms reported 
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72% of lambs tested positive for Cryptosporidium at least once, and over 60% tested positive 
for Giardia at least once (Sweeny et al., 2011c).  
The age of the sheep impacts prevalence of Cryptosporidium and Giardia, with a higher 
prevalence typically reported in younger animals. A well conducted WA study supports this, 
with lambs 3.7 times more likely to be shedding Cryptosporidium and 7 times more likely to 
be shedding Giardia compared to adult sheep (Ryan et al., 2005b). This was consistent with 
another WA study reporting a higher prevalence of Cryptosporidium and Giardia in lambs (18-
43%) compared to pregnant ewes (<10%) (Sweeny et al., 2011c). Cryptosporidium prevalence 
was similar in Merino lambs pre-weaning (24%) and post-weaning (26%), and the prevalence 
of Giardia was lower pre-weaning (11%) compared to post-weaning (44%), confirming that 
infections are not limited to neonatal lambs in Australian sheep production systems (Yang et 
al., 2009). Other well researched Australian studies across SA, NSW, VIC and WA have 
reported parasite shedding post weaning (Yang et al., 2014a; Yang et al., 2014c; Yang et al., 
2015b). 
The most frequently reported Cryptosporidium species in Australian sheep are C. xiaoi, 
C. ubiquitum and C. parvum (Ryan et al., 2005b; Yang et al., 2009; Sweeny et al., 2011c; Yang 
et al., 2014c; Yang et al., 2015b). The most common G. duodenalis assemblage identified in 
Australian sheep is assemblage E (Ryan et al., 2005b; Yang et al., 2009; Yang et al., 2014a; 




Table 1.5  Summary of Cryptosporidium and Giardia prevalence studies in Australian sheep 
   Prevalence   
Location Sheep age Sampling protocol Point Longitudinal/totala Reference 





- (Ryan et al., 2005b) 
Western Australia Pre-weaned  
(< 8 weeks old) & 
post-weaned lambs  
(> 12 weeks old) 
Merino lambs at 5 farms  Cryptosporidium  
  Pre-weaned: 24% 
  Post-weaned: 26% 
Giardia 
  Pre-weaned: 11% 




(Yang et al., 2009) 
Western Australia Pregnant ewes  
(2-4-year-old) 
2 farms  




- (Sweeny et al., 
2011c) 
Western Australia Lambs  
(2 weeks-8 months 
old) 
2 farms 













 (2-5 months old) 
2 farms  
















(12- 29 weeks old) 
8 farms 




- (Yang et al., 2014b; 
Yang et al., 2014d) 
Western Australia Lambs/yearlings  
(9-15 months old) 
10 sheep per consigned line 






(Yang et al., 2015b) 




1.8.2. Impacts on sheep health and productivity 
The impacts of protozoan parasites on sheep health and productivity are not well 
documented. A Canadian study reported that experimental infection of Giardia in lambs lasted 
from 7-16 weeks and was associated with abnormal faeces, reduced weight gain, prolonged 
time to reach slaughter weight, decreased feed efficiency and a lower carcass weight in 
comparison to healthy sheep (Olson et al., 1995). Giardiasis has a strong impact on ruminant 
production, being classified as an economically important disease (Olson et al., 1995).  This 
means it is necessary to control or eliminate the source of Giardia for a healthy and productive 
ruminant production system (Olson et al., 1995).   
An extensively conducted WA study found that Cryptosporidium and Giardia are 
associated with an increased risk of scouring in lambs (Sweeny et al., 2011b; Sweeny et al., 
2012a). Cryptosporidium and Giardia have also been associated with reduced carcass weight 
(2.2-3.2 kg and 0.4 kg lower for Cryptosporidium and Giardia, respectively), and 1.2% lower 
dressing percentage in Australia (Jacobson et al., 2016). These impacts were observed in 
otherwise healthy sheep without evidence of scouring outbreak or overt illness that would 
usually trigger a flock disease investigation. C. parvum shedding was associated with lower 
live weight, carcass weight and dressing percentage, but impacts other Cryptosporidium 
species (i.e. C. xiaoi and C. ubiquitum) and specific G. duodenalis assemblages (especially 
assemblage E and A) were not able to be determined (Jacobson et al., 2016).  
These protozoan parasites therefore impact the WA sheep supply chain by increasing 
the on-farm cost of production (increased costs associated with managing diarrhoea in sheep 
and subsequent fly strike risk) and other impacts post-farm gate including reduced processing 
efficiency (lower carcass weights, lower dressing percentage, and increased abattoir and meat 
hygiene issues) and increased costs for effluent management to address public health risks 





1.8.3.  Scouring - an issue for the sheep industry  
Scouring is an important issue for the WA sheep industry, with 65% of sheep farmers 
surveyed reporting diarrhoea outbreaks in their young sheep (Sweeny et al., 2012b). However, 
the causes of scouring in WA sheep are poorly understood. High worm burdens are commonly 
associated with scouring in young sheep, however scouring is also reported in young and 
mature sheep without evidence of high worm burdens (Jacobson et al., 2009a; Jacobson et al., 
2009b). It is likely that complex host immunological responses to nematodes play a role in 
scouring in mature sheep (Larsen et al., 1999; Williams and Palmer, 2012). Cryptosporidium 
and Giardia have also been associated with increased risk of scouring in lambs (Ryan et al., 
2005b; Sweeny et al., 2012a). 
Scouring in sheep can lead to faecal soiling of the fleece which is associated with 
economic and welfare issues for the Australian sheep industry (Lane et al., 2015). Fleece 
soiling is a major risk factor for cutaneous blowfly myiasis (commonly referred to as blowfly 
strike) which is a devastating, often fatal condition if left untreated (Morley et al., 1976). 
Managing blowfly strike increases costs and reduces the productivity of the sheep industry 
(Lane et al., 2015). Faecal soiling of the fleece causes contamination of the carcass with 
microorganisms leading to meat spoilage and reduced shelf life (Newton et al., 1978). 
Trimming of contaminated tissues is undertaken at the abattoir leading to sub-optimal abattoir 
productivity (Biss and Hathaway, 1996). Meat contamination with faecal pathogens also 
impacts access to export markets (MLA, 2013). 
Scouring is an important risk factor for faecal contamination of the fleece and hide 
which may result in microbial contamination of the carcass (Biss and Hathaway, 1996; Hadley 
et al., 1997). Contamination of the carcass is a significant public health risk due to possible 





1.8.4. Drinking water - a source of Cryptosporidium and Giardia for 
livestock 
Livestock using surface water as a drinking water source may contract Cryptosporidium 
and Giardia from contaminated water. Adult sheep produce approximately 1-3kg of faeces per 
day, leading to environmental and possibly surface water contamination (Robertson, 2009). 
Once an infected host defecates, oocysts/cysts in the faeces can be transported to surface water 
by run off, typically from rainfall events (Swaffer et al., 2014; Drummond et al., 2018; Swaffer 
et al., 2018). Increased stream flow from high rainfall events is a main driver of oocyst transport 
to surface waters (Swaffer et al., 2014). Heavy rainfall also causes the disruption of stream bed 
sediments, leading to microbial resuspension of Cryptosporidium and Giardia (Drummond et 
al., 2018). Whilst defecation directly into waterways poses the highest risk of pathogen 
contamination, concentration of pathogens in surface water is dependent on storm severity, soil 
structure and infiltration rates (Drummond et al., 2018). Swaffer (2018) reported that run off 
events significantly increase the infectivity fraction of oocysts in surface water, increasing the 
risk of cryptosporidiosis. A positive correlation between Cryptosporidium concentration and 
flow and turbidity was reported during all rainfall-runoff events (Swaffer et al., 2014).  
Cryptosporidium contamination of surface water increases the risk of cryptosporidiosis 
outbreaks due to the organism’s ability to reproduce in aquatic environments (without host cell 
encapsulation), including in aquatic biofilms, thus potentially increasing its prevalence within 
the environment (Drummond et al., 2018). Studies implementing new hydrologic technology 
such as soil and water assessment tools (SWAT) reported that oocyst concentrations peaked 
after high rainfall and runoff events (Bergion et al., 2017). The SWAT 2005 modelling tool 
indicated that temperature was the most important factor regulating oocyst transport as the 




events coinciding with cool temperatures provide an optimal transport environment for 
oocysts/cysts into surface waters.  
Cryptosporidium transport and pathogen load can be predicted by accounting for the 
vegetation cover, the slope of the terrain and the volume of run off (Davies et al., 2004). A well 
simulated Australian study reported that increased oocyst load and runoff volume is associated 
with bare soil in comparison to vegetated soil, and with higher slopes (10º) in comparison to 
lower slopes (5º) (Davies et al., 2004). High intensity, short duration rainfall events were 
associated with larger oocyst numbers in comparison to the low intensity, long duration event 
(Davies et al., 2004). Therefore, environmental conditions likely to contribute to a higher 
pathogen load on Western Australian dams.  
Risk factors for infection transmission for sheep on Australian sheep farms have not 
been established, but sheep infected with Giardia or Cryptosporidium shed high concentrations 
of the robust, environmental stage (oo)cysts into the environment (Yang et al., 2015b). The 
association between drinking water and protozoan transmission for sheep remains speculative, 
however some preliminary evidence suggests that there is an association. A survey of WA 
sheep producers reported that using paddock dam water as the drinking water source for 
livestock was associated with >100-fold increase in risk of diarrhoea compared with bore or 
scheme water in troughs (Sweeny et al., 2012b). A well conducted WA study found identical 
Cryptosporidium genotypes in both lamb faeces and paddock dam water, but not in creek water 
(Sweeny et al., 2011c). This is consistent with a study in Scotland that concluded that 
contaminated water may be a more important source of transmission to lambs (lamb-lamb 
transmission) and calves (calf-calf transmission) than cows and ewes (Wells et al., 2015a). 
Extensively managed sheep and cattle in Australia are commonly supplied with drinking water 
using surface water, but the role of drinking water in transmission of Cryptosporidium and 





Cryptosporidium and Giardia likely cause significant economic losses for the WA 
sheep industry. Both parasites have been associated with scouring and reduced carcass 
productivity in lambs. Scouring is a significant problem as it predisposes sheep to cutaneous 
blowfly myiasis, and this is associated with increased costs for producers and welfare risks for 
sheep. Scouring also results in increased microbial contamination of carcasses and reduces the 
efficiency of meat processing.  
Conventional diagnostic techniques (e.g. microscopy) are unable to identify 
Cryptosporidium and Giardia at the species level, therefore advanced molecular techniques are 
required for species identification. Sanger sequencing has been widely used to characterise 
Cryptosporidium spp. and G. duodenalis.  
It is important to identify Cryptosporidium and Giardia species present in sheep to 
determine both the production and public health significance of infections for sheep, and to 
establish the risk factors for infection transmission to sheep on WA farms. There is limited 
evidence of a link between drinking water source and cryptosporidiosis, with more evidence 
needed to determine whether dam water is a major transmission source of Cryptosporidium 
and Giardia to lambs. Characteristics of dams used for livestock drinking water and 
characteristics of Mediterranean environment in WA are likely to contribute to a pathogen load 
in livestock drinking water dams, including undulating topography, bare soil surrounding 





1.10. Aims and hypotheses  
This project addressed the research question: “Does dam water represent an important 
source of transmission for the protozoan parasites Cryptosporidium and Giardia to sheep in 
WA?” 
This project aimed to determine the prevalence and diversity of species, genotypes and 
assemblages of Cryptosporidium and Giardia in sheep and dam water on WA farms, and to 
establish if there is evidence that dam water represents an important source of transmission of 
protozoan parasites for extensively managed sheep. 
Three main hypotheses were addressed by this research project: 
1. Cryptosporidium and Giardia assemblages will be present in farm dam water 
used as drinking water for sheep. 
2. Cryptosporidium and Giardia genotypes present in dam water will be identical 
to those in sheep with access to that water. 
3. Detection of Cryptosporidium and Giardia (oo)cysts in dam water will be 
greater during the winter months after high rainfall events.  
This project will provide evidence to underpin recommendations for sheep producers 
to manage the risk of protozoan infections in their sheep.  
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2. Materials and Methods 
2.1. Study Sites 
Samples of livestock dam water and sheep faeces were collected from six commercial 
farms located in four districts in the south west of WA (Error! Reference source not found.). 
Two farms were located in West Pingelly, two farms in Williams, and one each in Karridale 
and York (Table 3.1). All farms were mixed enterprises, predominantly cropping and sheep, 
and were located in a region with Mediterranean climate (hot dry summers and cool wet 
winters). Farm D, located in Karridale, had a higher annual rainfall compared to the farms 
located in West Pingelly, Williams and York (Table 3.1). Farm selection was based on 
opportunistic sampling with all farms participating in other projects monitoring sheep 
productivity. All mobs of sheep included in the study were managed according to the normal 
commercial management programme for the enterprise (i.e. there were no interventions in the 
other projects that could be expected to bias observations in this study).  
  














Figure 3.1 Location of farms in south west WA sampled for study. 
 
Table 3.1 Farm locations and rainfall characteristics. 
  Rainfall 
(mm) 
   
Farm Location 2015-2017a 
(mm/annum) 
Jan-Mar 2018  
(mm/3 month) 




Farm A  West 
Pingelly  
441 56 170 10626  
Farm B  West 
Pingelly 
441 56 170 10626 
Farm C  Williams 440 71 198 10923 
Farm D  Karridale 1,038 51 552 9801 
Farm E  Williams 440 71 198 10923 
Farm F  York 442 108 189 10311 
aFive-year mean includes only years with complete records (i.e. years with missing data for one or more 
months were excluded).  
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2.2. Sample Collection 
2.2.1. Water samples 
Water samples (n=16) were collected during autumn and winter from 12 paddock dams 
using 10 L high density polyethylene plastic water containers (Icon Plastics, Australia) (Table 
3.2). Water was collected by entering the dam to a depth of approximately 50 cm to mimic 
drinking behaviour of sheep. Samples were stored at 4oC after collection.  
 
Table 3.2 Dam water sampling 
Farm Location Dam Season Date Associated sheep mob 
Farm A West Pingelly  Dam 1 Autumn 3 March 2018 Mob A 
   Winter  5 July 2018 Sheep moved on 
  Dam 2 Autumn 3 March 2018 Mob B 
   Winter  5 July 2018 Sheep moved on 
  Dam 3 Autumn 3 March 2018 Mob C 
   Winter  5 July 2018 Sheep moved on 
      
Farm B West Pingelly Dam 1 Autumn 3 March 2018 Mob D 
   Winter  25 June 2018 Sheep moved on 
  Dam 2 Autumn 3 March 2018 Mob E 
   Winter  25 June 2018 Mob E 
      
Farm C Williams  Dam 1 Autumn 3 March 2018 Mob F 
   Winter  5 July 2018 Sheep moved on 
      
Farm D Karridale  Dam 1 Autumn 9 April 2018 Mob G 
   Winter  5 July 2018 Mob I 
  Dam 2 Autumn 9 April 2018 Mob G 
   Winter  5 July 2018 Mob I 
  Dam 3 Autumn 9 April 2018 Mob H 
   Winter  5 July 2018 Mob H 
      
Farm E Williams  Dam 1 Autumn 5 March 2018 Mob J 
   Winter  5 July 2018 Sheep moved on 
  Dam 2 Autumn 5 March 2018 Mob J 
   Winter  5 July 2018 Sheep moved on 
      
Farm F York  Dam 1 Autumn 13 April 2018 Mob K 
   Winter  12 Sept 2018 Sheep moved on 
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2.2.1.1. Sheep faecal samples 
Approximately 50 sheep faecal samples per farm was confirmed however due to mob 
movement between seasons, on the second sampling occasion only 25-50 faecal samples were 
collected which made statistical analysis difficult. Faecal samples were collected at the time of 
water sampling from 11 mobs of sheep with access to the sampled paddock dams (Table 3.3). 
In many cases, sheep had moved paddocks between autumn and winter sampling, in which 
case faecal samples were not collected from mobs at winter sampling if sheep had subsequently 
accessed a water source that had not been sampled in autumn. All sheep mobs sampled were 
considered ‘normal’ at the time of visits as there was no evidence of overt clinical disease 
(diarrhoea, ill thrift, lethargy). To collect faecal samples, sheep were mustered into one corner 
of the paddock. After approximately 5 minutes, the sheep were allowed to quietly disperse and 
between 12-25 samples of freshly voided faeces were collected off the ground using sterile 
scoops into 75 mL sterile containers (Table 3.3). Recently voided samples were collected 
subject to being warm, soft and moist. In order to reduce the possibility that faeces from a 
single animal were collected twice, samples were collected from discrete piles of faeces at 
separate locations, and the freshest faeces were collected. Where variable faecal consistency 
was noted, a mixture of pelleted and non-pelleted faeces was collected from the ground. Where 
ewes and lambs were grazing together (mob I), only lamb samples were collected. Lamb faecal 
samples were distinguished from adult ewes by smaller faecal pellet size. Samples were stored 




Table 3.3 Sheep mobs sampled  
   
  Autumn  Winter   
Location Mob Breed and sex 
Birth date Mob 
size  
Dam Faecal samples 
(n) 
Dam Faecal samples 
(n) 










- 0 (moved on*) 
 Mob B Merino ewes (weaned) July-Aug 2017 150 Dam 2 16 - 0 (moved on) 
 Mob C Merino ewes (weaned) July-Aug 2017 494 Dam 3 18 - 0 (moved on) 
         
Farm B  Mob D Merino (weaned) Aug 2017 500 Dam 1 25 - 0 (moved on) 
 Mob E Merino (weaned) Aug 2017 555 Dam 2 25 Dam 2 25 
         
Farm C Mob F Merino (weaned) June 2017 427 Dam 1 25 - 0 (moved on) 
         
Farm D  Mob G Merino (weaned) May-June 2017 900 Dam 1 & Dam 2 25 - 0 (moved on) 
 Mob H Merino (weaned) May-June 2017 500 Dam 3 25 Dam 3 0 (moved on) 
 Mob I Crossbred mixed sex (unweaned)  Mid-May 2018 50 - 0 (not born) Dam 1 & Dam 2 24 
         
Farm E  Mob J Merino (weaned) April-May 2017 400 Dam 1 & Dam 2 25 - 0 (moved on) 
         
Farm F  Mob K Composite breed ewes (weaned) June-July 2017 250 Dam 1 25 - 0 (moved on) 
*Moved on: sheep mob had been moved to alternative (previously unsampled) water source since Autumn visit.




2.3. Oocyst extraction from water samples  
Calcium carbonate flocculation of Cryptosporidium oocysts from water was performed 
using methods adapted from Vesey et al. (1993) and Swaffer et al. (2018) with the exception 
of IMS and ColourSeed. Briefly, individual dam water samples (n = 16) were slowly poured 
into a 10 L container, then 100 mL of 1 M CaCl2 was added and mixed thoroughly followed 
by the addition of 100 mL of 1 M NaHCO3 with thorough mixing. The pH was increased to 10 
using NaOH and checked with litmus paper. Water samples were left to stand overnight to 
enable sedimentation of the flocculation containing any existing oocysts. The supernatant was 
aspirated followed by the addition of 200 mL of 10% sulphamic acid and mixed to dissolve the 
sediment. The resulting solution was decanted into multiple corresponding 50 mL falcon tubes. 
Benchtop centrifugation was used to concentrate particulates including any oocysts. The 
samples were centrifuged at 3000 g (RCF) for 10 min prior to aspiration of the supernatant. 
The pellet was washed in 10 mL phosphate buffered saline to remove residual acids. The 
samples were mixed, combined into a falcon tube per sample, centrifuged and the residual PBS 
was aspirated. 2 mL of PBS was added per sample and stored at 4°C. To determine the oocyst 
recovery rate, a 10 L Cryptosporidium-free sample was spiked with 100 C. parvum (strain Iowa 
II) prior to flocculation and treated in the same way as all other dam water samples.  
 
2.4. DNA extraction from faecal samples 
Genomic DNA (gDNA) was extracted from 250 mg of each faecal sample (n = 418) 
using a Power Soil DNA Kit (MO BIO, Carlsbad, California, USA) following the 
manufacturer’s instructions. An extraction reagent blank (no faecal sample) was used in each 
extraction group. Purified gDNA was stored at 20oC prior to molecular analyses.  




Due to dryness of some faecal samples, 250 µL of PCR grade water (Sigma-Aldrich, 
St. Louis, Missouri, United States) was added to 15 samples from Farm B autumn sampling 
and 120 µL of C1 solution was added (instead of 60 µL) to ten faecal samples from Farm B 
autumn sampling and two faecal samples from Farm B winter sampling (Appendix B, Table 
B.1). 
 
2.5. DNA extraction from oocysts purified from dam water samples 
As with faecal samples, a PowerSoil DNA Isolation kit (MO BIO, Carlsbad, California, 
USA) was used to extract gDNA from the resulting pellet following the manufacturer’s 
instructions. Due to the high density of the pellet, a subset of the sample was taken (250 µL 
from 2000-3000 mg) for the extractions and later extrapolated to determine the oocyst recovery 
rate (Appendix B, Table B.1).   
 
2.6. Quantitative PCR  
Quantitative PCR (qPCR) was performed to screen for the presence of Cryptosporidium 
in faecal water samples at 18S locus using a Ct threshold of <35 cycles as previously described 
(King et al., 2005; Yang et al., 2014b) Briefly, each qPCR reaction was carried out in 15 µL 
volumes and consisted of 0.25 mM dNTPs, 1 µM of each primer (18Si F and 18Si R) and the 
6-carboxyfluorescein (FAM)-labelled TaqMan probe (Table 3.4) 1X KAPA Taq PCR buffer, 
2.5 mM MgCl2, 0.1 U of KAPA Taq DNA polymerase, and 1 µL of gDNA. Reactions were 
conducted in a Rotor-gene-Q machine (FisherBiotech, Australia) under the following cycling 
conditions: a hold of 6 min at 95°C followed by 50 cycles at 94 °C for 20 s and 60 °C for 90 s. 
All samples were screened and no-template controls (NTCs) were included alongside each 
PCR.  





Quantitation was conducted using standards consisting of recombinant plasmids 
containing partial fragments of the Cryptosporidium 18S, calibrated by droplet digital PCR 
(ddPCR) as described by Yang et al. (2014). Target copy numbers detected were converted to 
numbers of oocysts based on the fact that the 18S gene in Cryptosporidium has five copies (Le 
Blancq et al., 1997) and there are four haploid sporozoites per oocyst. Therefore, every 20 
copies of 18S detected by qPCR were equivalent to one oocyst.  




Table 3.4 Summary of primer used in this study 








qPCR at 18S locus 
18Si F AGTGACAAGAAATAACAATACAGG 298 60 (Morgan et al., 1997; King 
et al., 2015) 
(Yang et al., 2014b) 
18Si R CCTGCTTTAAGCACTCTAATTTTC 




(nested) at 18S locus 
SSU-F2 TTCTAGAGCTAATACATGCG 1,325 60 (Xiao et al., 1999) 
 SSU-R2 CCCTAATCCTTCGAAACAGGA 
SSU-F3 GGAAGGGTTGTATTTATTAGATAAAG  819-825 58 
SSU-R4 AAGGAGTAAGGAACAACCTCCA 
Conventional PCR 
(nested) at gp60 locus 
Ubi-18S-F1 TTTACCCACACATCTGTAGCGTCG 1,044 58 (Liu et al., 2014) 
Ubi-18S-R1 ACGGACGGAATGATGTATCTGA 
Ubi-18S-F2 ATAGGTGATAATTAGTCAGTCTTTAAT 948 55 
Ubi-18S-R2 TCCAAAAGCGGCTGAGTCAGCATC 
Giardia      
qPCR at gdh locus gdhF1 GGGCAAGTCCGACAACGA 261 60 
 
(Yang et al., 2014b) 
gdhR1 GCACATCTCCTCCAGGAAGTAGAC 
Joe670 probe TCATGCGCTTCTGCCAG (BHQ2) N/A  
 tpi gene for Giardia 
spp. 
AL3544 CCCTTCATCGGIGGTAACTT 530 50   
AL3545 GTGGCCACCACICCCGTGCC (Sulaiman et al., 2003a) 
tpi gene for G. 
duodenalis assemblage 
A  
Af CGCCGTACACCTGTC 332 64 (Geurden et al., 2008) 
Ar AGCAATGACAACCTCCTTCC 
tpi gene for G. 
duodenalis assemblage 
B 
Bf GTTGTTGTTGCTCCCTCCTTT 400 62 (Levecke et al., 2009) 
Br CCGGCTCATAGGCAATTACA 
tpi gene for G. 
duodenalis assemblage 
E 
Ef CCCCTTCTGCCGTACATTTAT 388 67 (Geurden et al., 2008) 





Giardia-specific qPCR was used to screen all samples for the presence of Giardia at 
gdh locus using the method previously described (Yang et al., 2014b). Briefly, each qPCR 
reaction was carried out in 15 µL volumes and consisted of 0.25 mM dNTPs, 1 µM of each 
primer (18Si F and 18Si R) and the (JOE)-labelled Taqman Hprobe (Table 3.4), 1X KAPA Taq 
PCR buffer, 2.5 mM MgCl2, 0.1 U of KAPA Taq DNA polymerase, and 1 µL of genomic DNA 
(gDNA). Reactions were conducted in a Rotor-gene-Q (FisherBiotech, Australia) under the 
following cycling conditions: a hold cycle of 3 min at 95 °C followed by 45 cycles at 95 °C for 
30 s and 60 °C for 45 s. Quantitation was conducted using standards consisting of recombinant 
plasmids containing partial fragments of the Giardia gdh gene. Copy numbers detected were 
converted to cyst numbers on the basis that the gdh gene in Giardia is a single copy and the 
fact that there are four haploid nuclei per cyst (Yee and Dennis, 1992). Therefore, every four 
copies of gdh detected by qPCR were equivalent to one cyst.  

2.7. PCR amplification of Cryptosporidium spp. at 18S and gp60 loci 
by nested PCR 
Samples that were positive by qPCR were amplified at the 18S locus using nested 
primers which produced an approximately 825 bp product as previously described (Xiao et al., 
1999). Each 25 µL PCR reaction contained 0.25 mM dNTPs, 1 µM of each primer, 1X KAPA 
Taq PCR buffer with loading dye, 2.5 mM MgCl2, 0.1 U of KAPA Taq DNA polymerase, and 
1 µL of genomic DNA (gDNA). Reactions were conducted in a BIO-RAD T100 Thermal 
Cycler using the following cycling conditions: a hold of 3 min at 94 °C, followed by 40 cycles 
of denaturation at 94 °C for 45 s, annealing at 58 °C for 1.5 min and extension at 72 °C for 1 





conditions as the primary PCR using 1 µL of the primary PCR products. Human C. hominis 
samples were used for positive controls. 
Samples identified as C. ubiquitum at 18S locus, were additionally subtyped at the gp60 
locus as previously described by (Li et al., 2014). The PCR reaction contained 25 µL consisting 
of 100 mM dNTP, 10mM of each primer (Ubi-18SF1, R1 and F2, R2), 2.5mM MgCl2, and 0.1 
U of Taq polymerase. Reactions were conducted in a BIO-RAD T100 Thermal Cycler under 
the following cycling conditions: a hold for 5 min at 94 °C followed by 35 cycles of 
denaturation at 94 °C for 45 s, annealing at 58 °C for 45 s and extension at 72 °C for 1 min, 
then a final hold at 72 °C for 7 min. The secondary PCR was conducted under the same 
conditions as the primary PCR using 1 µL of the primary PCR product with an annealing 
temperature of 55 °C. 
 
2.8. Assemblage-specific PCR amplification of Giardia at tpi locus 
A conventional nested Giardia-specific PCR at tpi locus was carried out on all faecal 
samples that were detected as Giardia positive by qPCR. A conventional Giardia-specific PCR 
was also carried out on dam water samples. The primary PCR reaction for Giardia contained 
25 µL of master mix consisting of 100mM dNTP, 10mM of AL3554 and AL3545, PCR buffer 
with loading dye, 2.5mM MgCl2 and 0.1 U of Taq polymerase (Sulaiman et al., 2003b). 
Reactions were conducted in a BIO-RAD T100 Thermal Cycler under the following cycling 
conditions: a hold 5 min at 94 °C followed by 40 cycles of denaturation at 94 °C for 45 s, 
annealing at 50 °C for 45 s and extension of 72 °C for 1 min, then a final hold of 72 °C for 10 
min. 
Giardia duodenalis assemblage-specific secondary PCRs were conducted on the 





E (Table 3.4) The assemblage A-specific PCR was performed using the primers (Af and Ar) 
under the following cycling conditions: a hold of 94 °C for 10 min followed by 40 cycles of 
denaturation at 94 °C for 45 s, annealing at 64 °C for 45 s and extension of 72 °C for 1 min, 
then a final hold of 72 °C for 7 min. and 4 °C for infinity (Geurden et al., 2008). The assemblage 
B-specific PCR was performed using the primers (Bf and Br). The PCR was carried out under 
the following cycling conditions: a hold of 95 °C for 2 min followed by 40 cycles of 
denaturation at 95 °C for 45 s, annealing at 62°C for 45 s, and extension of 72 °C for 60 s, then 
a final hold of 72 °C for 5 min (Levecke et al., 2009). The secondary assemblage E-specific 
PCR was conducted using the primers (Ef and Er). The PCR was carried out under the 
following cycling conditions: a hold of 94 °C for 10 min followed by 40 cycles of denaturation 
at 54 °C for 45 s, annealing at 67 °C for 45 s and extension of 72 °C for 45 s then a final hold 
of 72 °C for 7 min (Geurden et al., 2008). 
 
2.9. Gel electrophoresis 
The amplified DNA from secondary PCRs for both Cryptosporidium and Giardia were 
separated by gel electrophoresis which consisted of 1% (w/v) agarose gel (FisherBiotec, 
Australia) in Tris Acetate (TAE) buffer containing 40 mM Tris-HCL, 20 mM EDTA at PH 7. 
DNA was stained with SYBR Safe DNA gel stain (Invitrogen, Oregon, USA). A 100 bp DNA 
ladder (Promega, Madison, USA) was used in the first lane of wells as a reference marker. The 
gels were run at 60 V for 50 min in a gel tank (BioRAD, USA).  
Gels were observed under a dark reader trans-illuminator (Clare Chemical Research, 
Dolores, Colorado, USA). PCR products were excised from the gel with sterile scalpel blades 
and purified for Sanger sequencing using in-house tip method previously described by Yang et 





the tips cut close to the filter), then the tips were stored in a 1.5 mL Eppendorf tubes and 
centrifuged at 10,000 RPM for 1 min. The tips were disposed of and the eluate was stored at 
4°C prior to sequencing.   
 
2.10. Sanger sequencing 
Secondary PCR products for Cryptosporidium, G. duodenalis assemblage A and E 
products were sequenced in the forward direction on a 96-capillary 3730xl DNA Analyzer 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) using an ABI Prism™ BigDye 
v3.1. Cycle Sequencing kit (Applied Biosystems, Foster City, California, USA) according to 
the manufacturer’s instructions, at 58°C annealing temperature for the 18S, 55°C for the gp60 
C. ubiquitum, 64°C for the tpi assemblage A, 62°C for assemblage B and 67°C for assemblage 
E.  
 
2.11. Sequence analysis 
Sequence chromatograms were imported into Geneious v10.2.2 (Kearse et al., 2012) 
poor quality signals were trimmed, and nucleotide positions with two or more overlapping 
signals for different nucleotides were modified with the corresponding IUPAC codes. 
Sequences were compared to the National Centre for Biotechnology Information (NCBI) non-
redundant nucleotide (nr/nt) using the Basic Local Alignment Search Tool (BLAST) for 
taxonomic assignment. G. duodenalis assemblage E sequences from dam water samples were 
aligned using the MAFFT program v7.388 (Katoh and Standley, 2013), trimmed to 305 bp, 
and the program Seaview v4.7 (Gouy et al., 2010) was used to display the alignment presented 






2.12. Statistical analyses 
Sheep were classified as positive (parasite DNA detected) or negative (no parasite DNA 
detected) for Cryptosporidium and Giardia. Within-flock proportion of positive faecal samples 
(point prevalence) was determined by proportion of positive sheep for each sample occasion. 
Prevalence were determined by the proportion of samples for which pathogens were detected 
(point prevalence). Prevalence 95% confidence intervals (CI) were calculated using Jeffrey’s 
interval (Brown et al., 2001; Sergeant, 2016). Two-tailed Z tests (equivalent to a two-tailed 
Pearson Chi-square test) were used to compare overall rate (proportion) for detection between 
species/genotypes (Sergeant, 2016).  
(Oo)cyst shedding concentrations were tested for equality of variance using Levene’s 
test. Where variances were not equal (P<0.05), shedding concentrations were compared using 







3.1. Cryptosporidium and Giardia detection in sheep faeces 
Detection of Cryptosporidium in sheep faecal samples by Cryptosporidium-specific 
18S qPCR is shown in Table 4.1. Overall prevalence of Cryptosporidium spp. by qPCR was 
25/274 (9.1%; 95% CI, 6.3-13.1).  
Two Cryptosporidium species were detected by 18S Cryptosporidium-specific nested 
PCR and Sanger sequencing; C. xiaoi and C. ubiquitum (Appendix C, Figures C.1-C.7). 
Cryptosporidium xiaoi was detected on 5/6 farms, and 7/11 sheep mobs sampled, with overall 
detection in 16/274 samples (Table 4.1). within-flock proportion of positive faecal samples 
ranged from 4.0-12.5% in mobs where C. xiaoi was detected. Overall detection for C. 
ubiquitum was not different to C. xiaoi (P=0.110), but C. ubiquitum was detected only at Farm 
D.  For Farm D, C. ubiquitum was detected in all three mobs tested with within-flock proportion 
of positive faecal samples ranging 4.0-12.0% for weaned lambs, and 21.0% for unweaned 
lambs (Table 4.1). 
Of the nine samples positive for C. ubiquitum at 18S, eight were successfully amplified 
with sequenced at gp60 with all isolates belonging to subtype family XIIa (Appendix C, Figure 
C.8).  
 
Table 4.1 Cryptosporidium detection in sheep faecal samples using 18S qPCR, nested PCR 
and sequencing 
    Prevalence (% (95% CI)) 
Location Mob Season Samples (n) C. xiaoi C. ubiquitum 
Farm A  Mob A Autumn 16 12.5 (3.5, 36.0) 0 (0, 19.4) 
  Winter 0 (moved ona) - - 
 Mob B Autumn 16 0 (0, 19.4) 0 (0, 19.4) 





 Mob C Autumn 18 0 (0, 17.6) 0 (0, 17.6) 
  Winter 0 (moved on) - - 
      
Farm B Mob D Autumn 25 12.0 (4.2, 30.0) 0 (0, 13.3) 
  Winter 0 (moved on) - - 
 Mob E Autumn 25 0 (0, 13.3) 0 (0, 13.3) 
  Winter 25 0 (0, 13.3) 0 (0, 13.3) 
      
Farm C Mob F Autumn 25 12.0 (4.2, 30.0) 0 (0, 13.3) 
  Winter 0 (moved on) - - 
      
Farm D Mob G Autumn 25 4.0 (0.7, 19.5) 4.0 (0.7, 19.5) 
  Winter 0 (moved on) - - 
 Mob H Autumn 25 0 (0, 13.3) 12.0 (4.2, 30.0) 
  Winter 0 (moved on) - - 
 Mob I Autumn 0 (not bornb) - - 
  Winter 24 8.3 (2.3, 23.8) 20.8 (9.2, 40.5) 
      
Farm E Mob J Autumn 25 8.0 (1.7, 23.3) 0 (0, 13.3) 
  Winter 0 (moved on) - - 
      
Farm F Mob K Autumn 25 12.0 (4.2, 30.0) 0 (0, 13.3) 
  Winter 0 (moved on) - - 
      
TOTAL   274 5.8 (3.6, 9.3) 3.3 (1.7, 6.1) 
aMoved on: samples not collected because sheep had moved paddocks with different water source. 
bNot born: lambs not born at time of Autumn sample collection. 
 
Detection of Giardia in sheep faecal samples are shown in Table 4.2. Overall 
prevalence of G. duodenalis was 20/198 (10.1%; 95% CI, 6.6-15.1). Two G. duodenalis 
assemblages were detected; assemblage E (n = 14) and assemblage A (n = 6) (Appendix C, 
Figures C.9 and C.10). Giardia duodenalis assemblage E was detected on 4/6 farms, with 
within-flock proportion of positive faecal samples ranging 4.0-25.0% in mobs where 
assemblage E was detected. Overall detection for G. duodenalis assemblage A was not 
different to assemblage E (P=0.067), but assemblage A was detected on only 2/6 farms where 
within-flock proportion of positive faecal samples ranged 8.0-16.0%. Farm D was the only 
farm with both assemblage E and assemblage A detected, notably in the mob of unweaned 





A mixed infection (both Cryptosporidium and Giardia) was identified in only one 
sheep. Specifically, both C. xiaoi and G. duodenalis assemblage A were detected in one sample 
collected from Farm F (mob K) at the Autumn visit.  
 
Table 4.2 Giardia duodenalis assemblage detection in sheep faeces determined by qPCR and 
nested PCR 
   Samples (n)  Detection rate (% (95% confidence interval)) 
Location Mob Season Available  Tested Assemblage E Assemblage A Assemblage B 
Farm A Mob A Autumn 16 16 0 (0, 19.4) 0 (0, 19.4) 0 (0, 19.4) 
  Winter 0 (moved ona) - - - - 
 Mob B Autumn 16 0 - - - 
  Winter 0 (moved ona) - - - - 
 Mob C Autumn 18 0 - - - 
  Winter 0 (moved ona) - - - - 
        
Farm B Mob D Autumn 25 25 8.0 (2.2, 25.0) 0 (0, 13.3) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
 Mob E Autumn 25 0 - - - 
  Winter 25 8 25.0 (7.1, 59.1) 0 (0, 32.4) 0 (0, 32.4) 
        
Farm C Mob F Autumn 25 25 8.0 (2.2, 25.0) 0 (0, 13.3) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
        
Farm D Mob G Autumn 25 25 16.0 (6.4, 34.7) 0 (0, 13.3) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
 Mob H Autumn 25 25 0 (0, 13.3) 0 (0, 13.3) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
 Mob I Autumn 0 (not bornb) - - - - 
  Winter 24 24 12.5 (4.3, 31.0) 8.3 (2.3, 25.8) 0 (0, 13.8) 
        
Farm E Mob J Autumn 25 25 4.0 (0.7, 19.5) 0 (0, 13.3) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
        
Farm F Mob K Autumn 25 25 0 (0, 13.3) 16.0 (6.4, 34.7) 0 (0, 13.3) 
  Winter 0 (moved ona) - - - - 
        
TOTAL   274 198 7.1 (4.3, 11.5) 3.0 (1.4, 6.5) 0 (0, 1.9) 
amoved on: samples not collected because sheep had moved paddocks with different water source 
bnot born: lambs not born at time of Autumn sample collection 
 
(Oo)cyst concentration in sheep faeces are shown in Table 4.3. (Oo)cyst shedding 
(concentration in positive samples) was not different for the four parasites detected (Kruskal-






Table 4.3 Cryptosporidium and Giardia (oo)cyst shedding concentration (oo)cyst per gram of 
faeces) in sheep faeces 




Mean ± SD Median Range 
C. xiaoi 17 21,871 ± 24,216  14,450 48 – 75,456 
C. ubiquitum 9 61,144 ± 97,999  4,250 180 – 299,537 
G. duodenalis 
assemblage E  
16 10,500 ± 11,365  9,379 178 – 39,700 
G. duodenalis 
assemblage A  
6 4,252 ± 3,081  4,286 738 – 9,002 
 
3.2. Cryptosporidium and Giardia detection in dam water 
3.2.1.   Cryptosporidium 
There was no detection of Cryptosporidium oocysts in 16 dam water samples using 
calcium carbonate flocculation (Table 4.4) and screening with 18S Cryptosporidium-specific 
nested PCR (Appendix C, Figure C.11). 
 
3.2.2. Giardia duodenalis assemblage E detection and genotyping 
Bands of the expected size (~388 bp) were observed for 7/16 water samples for the G. 
duodenalis assemblage E-specific tpi nested PCR, out of these seven samples six were 
confirmed as positive (Table 4.4). The positive control did not produce a band ~388 bp but had 
a smearing pattern. The samples also exhibited smearing (Appendix C, Figure C.12).  
 A conventional PCR with the primary tpi gene primers specific for Giardia spp. was 
conducted to determine whether inhibitors were present in the samples that might explain the 
lack of amplification in the samples (false negatives), and neat (undiluted) and serially diluted 
gDNA (1:10 and 1:20). Results showed that inhibitors were reducing the PCR efficiency, with 





controls in the neat samples, and the brightest bands were observed in the spiked 1:20 diluted 
samples (Appendix C, Figures C.13-C.15). However, no reduction in smearing or a band of the 
expected product size (~388 bp) was observed for the neat, 1:10 or 1:20 samples spiked with 
the G. duodenalis assemblage E positive control (Appendix C, Figures C.13-C.15).  
Sequence analysis of the six samples positive from the G. duodenalis assemblage E-
specific nested PCR revealed that sample Farm E Dam 2 Winter may contain a mixture of two 
or more G. duodenalis assemblage E genotypes, with five ambiguous nucleotides, and sample 
Farm E Dam 2 Autumn may contain two different Giardia duodenalis assemblage E genotypes, 
with one ambiguous nucleotide (illustrated in Appendix D, Figure D.1 and Appendix E, Figure 
E.1).  The other four samples shared 100% sequence homology, and were 100% similar to 185 
tpi G. duodenalis assemblage E gene sequences in the NCBI nr/nt database. Top matches 
included isolates sequenced from faecal samples from sheep and pigs in China (AQY61395; 
AWL83235), and faecal samples from cattle in China (AXE74331), Egypt (MG820469) and 
the United Kingdom (AXB87489).  
   
3.2.2.1. Giardia duodenalis assemblage A & B detection 
No amplification of the tpi gene for G. duodenalis assemblage B was observed for dam 
water samples tested (n = 16) (Appendix C, Figure C.16 and Table 4.4). Two samples had an 
expected product size of ~332 bp for the G. duodenalis assemblage A-specific nested PCR 
(Table 4.4) (Appendix C, Figure C.17). The product was sequenced, but the 316 bp sequence 
produced a mixed chromatogram (Appendix F, Figure F.1). The sequence with the more 
intense signal in the mixed chromatogram was BLAST searched against the NCBI nr/nt 




Table 4.4 Cryptosporidium and Giardia detection in dam water 
   Cryptosporidium spp. G. duodenalis assemblage A, B and E 
Farm Dam Season 18S nested PCR tpi Assemblage A 
nested PCR 
tpi Assemblage B 
nested PCR 
tpi Assemblage E 
nested PCR 
Farm A Dam 1 Autumn NT NT NT NT 
  Winter  NT NT NT NT 
 Dam 2 Autumn NT NT NT NT 
  Winter  NT NT NT NT 
 Dam 3 Autumn NT NT NT NT 
  Winter  NT NT NT NT 
Farm B Dam 1 Autumn - - - +c 
  Winter  - - - *d 
 Dam 2 Autumn NT NT NT NT 
  Winter  NT NT NT NT 
Farm C Dam 1 Autumn - - - - 
  Winter  - * - - 
Farm D Dam 1 Autumn - - - - 
  Winter  - - - - 
 Dam 2 Autumn - - - + 
  Winter  - - - - 
 Dam 3 Autumn - - - - 
  Winter  - - - + 
Farm E Dam 1 Autumn - - - - 
  Winter  - - - + 
 Dam 2 Autumn - - - + 
  Winter  - * - + 
Farm F Dam 1 Autumn - - - - 
  Winter  - - - - 
aNT: not tested. 
b-: expected product size not observed, i.e. PCR negative. 
c+: expected product size observed, i.e. PCR positive. 
d*: expected product size observed, but sequences confirming species and assemblage identity not obtained
Results 
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3.3. Association between pathogen detection in dam water and sheep 
faeces 
Giardia duodenalis assemblage E was detected in 6/7 flocks with access to a dam that 
had this genotype detected (Appendix C, figure C.15), and 5/8 flocks with access to dams 
without this genotype detected (Table 4.5), with no association between detection in dam water 
and associated sheep flock (P=0.569). Giardia duodenalis assemblage A was not identified in 
any of the dam samples from Farm D or Farm F where this was detected in sheep faeces. 
Similarly, Cryptosporidium was not detected in dams accessed by any of the 8 sheep mobs in 




Table 4.5 Associations between detection of Cryptosporidium spp. and Giardia duodenalis (assemblage E and assemblage A) in water and faeces 
   Water  Faeces  
Farm Dam Season Pathogens detected Associated sheep 
mob 
Autumn Winter 
Farm A Dam 1 Autumn Not tested Mob A C. xiaoi - 
  Winter  Not tested Mob A (moved on) C. xiaoi - 
 Dam 2 Autumn Not tested Mob B Not detected - 
  Winter  Not tested Mob B (moved on) Not detected - 
 Dam 3 Autumn Not tested Mob C Not detected - 
  Winter  Not tested Mob C (moved on) Not detected - 
       
Farm B Dam 1 Autumn Assemblage E Mob D C. xiaoi, assemblage E - 
  Winter  Assemblage Ea Mob D (moved on) C. xiaoi, assemblage E - 
 Dam 2 Autumn Not tested Mob E Not detected Assemblage E 
  Winter  Not tested Mob E Not detected Assemblage E 
       
Farm C Dam 1 Autumn Not detected Mob F C. xiaoi, assemblage E - 
  Winter  Assemblage Aa Mob F (moved on) C. xiaoi, assemblage E - 
       
Farm D Dam 1 Autumn Not detected Mob G C. xiaoi, C. ubiquitum, assemblage E - 
  Winter  Not detected Mob I - C. xiaoi, C ubiquitum, assemblage E, assemblage A 
 Dam 2 Autumn Assemblage E Mob G C. xiaoi, C ubiquitum, assemblage E - 
  Winter  Not detected Mob I - C. xiaoi, C ubiquitum, assemblage E, assemblage A 
 Dam 3 Autumn Not detected Mob H C. ubiquitum - 
  Winter  Assemblage E Mob H (moved on) C. ubiquitum - 
       
Farm E Dam 1 Autumn Not detected Mob J C. xiaoi, assemblage E - 
  Winter  Assemblage E Mob J (moved on) C. xiaoi, assemblage E - 
 Dam 2 Autumn Assemblage E Mob J C. xiaoi, assemblage E - 
  Winter  Assemblage Aa 
Assemblage E 
Mob J (moved on) C. xiaoi, assemblage E - 
       
Farm F Dam 1 Autumn Not detected Mob K C. xiaoi, assemblage A - 
  Winter  Not detected Mob K (moved on) C. xiaoi, assemblage A - 
aTested positive on nested PCR, however, when sequenced, resulted in no significant matches to sequences on the NCBI nr/nt database  using BLAST.  
 
 51 
3.4. Association between season and pathogen detection in dam 
water  
Giardia duodenalis assemblage E was detected and confirmed by sequencing in 3/8 
dam water samples collected in Autumn, and 3/8 samples collected in winter, suggesting no 
impact of season on detection of pathogen in water. Giardia duodenalis assemblage A was 
detected only in 2/8 dam winter samples collected, but presence of the pathogen could not be 
confirmed by sequencing. There was no evidence of association between season with detection 
of Cryptosporidium in water samples collected in autumn (0/8 samples) or winter (0/8 
samples).  
 
Table 4.6 Impact of season on G. duodenalis assemblage E detection in dam water 
  Giardia  
Farm Dam Autumn Winter 
Farm A Dam 1 Not tested Not tested 
 Dam 2 Not tested Not tested 
 Dam 3 Not tested Not tested 
    
Farm B Dam 1 Assemblage E Assemblage E* 
 Dam 2 Not tested Not tested 
    
Farm C Dam 1 Not detected Assemblage Aa 
    
Farm D Dam 1 Not detected Not detected 
 Dam 2 Assemblage E Not detected 
 Dam 3 Not detected Assemblage E 
    
Farm E Dam 1 Not detected Assemblage E 
 Dam 2 Assemblage E Assemblage Aa 
Assemblage E 
    
Farm F Dam 1 Not detected Not detected 
    
aTested positive on nested PCR, however, when sequenced, resulted in no significant matches 






The key finding for this experiment was that Giardia duodenalis assemblage E was 
detected in dam water and the majority (6/7) of sheep mobs with access to that water suggesting 
that dam water may be a source of Giardia duodenalis assemblage E infection for sheep, 
however, the association was not statistically significant (P=0.569). The remainder of sheep 
flocks (5/8) that were shedding G. duodenalis assemblage E had access to non- contaminated 
dams suggesting an alternate transmission source. However, the majority of Giardia 
duodenalis assemblage E infected flocks had access to contaminated dams suggesting a 
possible link. 
 Giardia duodenalis assemblage A was detected in two dam water samples, but it was 
not detected in the sheep mobs that had access to that dam water source. Although C. ubiquitum 
and C. xiaoi were detected in all three mobs tested from farm D, and 7/11 mobs on 5/6 farms, 
respectively, Cryptosporidium spp. was not detected in dam water samples by nested PCR. 
There may be other transmission routes for Cryptosporidium and Giardia infections in sheep, 
such as faecal contamination of pasture and other drinking water sources for sheep (i.e. 
troughs).   
 
4.1. Cryptosporidium and Giardia in lambs 
Two species of Cryptosporidium (C. xiaoi and C. ubiquitum) were detected in sheep 
faeces. Both C. xiaoi and C. ubiquitum have been previously reported in sheep from WA (Ryan 
et al., 2005b; Yang et al., 2009; Sweeny et al., 2011c; Sweeny et al., 2012a; Yang et al., 2014c; 
Yang et al., 2015a). Whilst this study was not designed to predict prevalence, the findings were 
consistent with other studies that reported that C. xiaoi and C. ubiquitum are the most frequently 
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detected genotypes in post-weaned sheep (Ryan et al., 2005b; Yang et al., 2009; Sweeny et al., 
2011c; Sweeny et al., 2012a; Yang et al., 2014c; Yang et al., 2015a).  
Cryptosporidium ubiquitum subtype family XIIa was detected on one farm. Other 
Australian studies identified this as the only subtype isolated from lambs (Yang et al., 2014c), 
but XIId subtype family has been isolated from sheep at saleyards (Yang et al., 2015a).  
Point prevalence for C. parvum in WA sheep flocks in previous studies ranged 0-19%, 
although point prevalence typically ranged 0-6% in sheep aged 3 months or older for flocks in 
longitudinal studies (Yang et al., 2009; Sweeny et al., 2011c; Sweeny et al., 2012a; Yang et 
al., 2014c). However, C. parvum was not detected in the present study. As such, shedding for 
C. parvum in Australian sheep aged 3 months or older is typically intermittent and at low 
prevalence. At 6% prevalence, the probability of failing to detect shedding in 25 animals is 
21.2% (Graat et al., 1997). Therefore, failure to detect C. parvum likely represents the relatively 
small sample size rather than absence of C. parvum on these farms.  
Two G. duodenalis assemblages (E and A) were detected in sheep faeces. Both 
assemblage E and assemblage A have been previously reported in Australian sheep (Yang et 
al., 2009; Sweeny et al., 2012a; Yang et al., 2014a; Yang et al., 2015a).  
 
4.2. Cryptosporidium and Giardia detected in farm dam water 
Only two protozoan pathogens, G. duodenalis assemblage E and G. duodenalis 
assemblage A, were detected in dam water, and of these, only G. duodenalis assemblage E was 
confirmed by sequencing. Other studies such as McCarthy et al., (2008) have detected 
assemblage E in sheep faecal samples in water catchments, however studies that describe 
screening of both faecal samples and dam water for protozoan parasites is limited. Recent 
studies have detected Giardia assemblage A and E in a river in China and natural reservoirs 
and wells in Poland (Xiao et al., 2013; Adamska, 2015). The study by Xiao et al. (2013) 
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concluded that livestock such as cattle and pigs were most likely the major source of 
contaminants however faecal samples from livestock were not analysed.  
In this study, it is possible that the presence of Cryptosporidium and Giardia in dam 
water on Western Australian sheep farms were underestimated (i.e. false negatives) due to the 
dilution factor of the dams. Therefore, further research if required to gather more evidence that 
dam water may be a transmission source of these pathogens for young sheep.  
 
4.3. Evidence for parasite transmission between sheep and farm 
dam water 
Our observations partially supported the hypothesis that protozoan parasite genotypes 
present in dam water will match those in sheep with access to that water, however the results 
only allowed analysis of Giardia assemblage E, and the association was not statistically 
significant (P=0.569). This study provided evidence that Giardia duodenalis assemblage E in 
dam water may be a source of infection for sheep that had access to contaminated dams as a 
drinking water source. However, G. duodenalis assemblage E was also detected in mobs with 
access to dams that were negative for G. duodenalis assemblage E this genotype. Thus, 
alternative routes of transmission may exist for sheep in this study. Cryptosporidium was not 
identified in dam water samples using 18S Cryptosporidium-specific nested PCR. Faecal 
contamination of water sources accessed by sheep prior to start of the experiment, or 
contamination of feed or pasture may represent alternative transmission routes of 
Cryptosporidium spp. and Giardia duodenalis of sheep on these farms. 
The environmental conditions and surrounding vegetation of each farm may have 
impacted the survival rate of oocyst/cysts. Boyer (2009) reported that the survival rate of 
oocysts is dependent on the temperature of the soil. Cryptosporidium oocysts deposited on the 
soil surface are susceptible to desiccation, however when the oocyst is positioned deeper in the 
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soil by livestock trampling or rain splash the environment provides a moist, cool and shaded 
environment (Boyer et al., 2009). In these conditions, oocysts have been known to survive for 
months (Boyer et al., 2009). Walker et al. (1998) suggests that pasture may protect oocysts 
from desiccation by providing a source of shade and moisture. In this study, pasture was present 
surrounding the dams during the winter months however was mainly absent during autumn. 
This suggests that oocysts may have been subject to desiccation during autumn sampling. 
 
4.4. Seasonal impact on parasite detection in farm dam water 
There was no evidence for greater detection in either season for Cryptosporidium spp. 
or for G. duodenalis assemblage E in either season. Therefore, evidence has not been found 
against the null hypothesis. This could be due to small sample size, leading to a type II error, 
which falsely infers the absence of something that is present. It is possible that the 
contamination of dam water with G. duodenalis assemblage E occurs independent of rainfall 
(i.e. via faecal contamination) on the farms included in this study. Giardia duodenalis 
assemblage A was only detected in winter samples, but presence was not confirmed by 
sequencing and could represent a false positive in those water samples. In future studies, this 
research should be conducted in summer and winter months for a more reliable comparison. 
 
4.5. Public health implications 
 Recreational waters such as lakes and rivers are major sources of Cryptosporidium and 
Giardia infection worldwide (Efstratiou et al., 2017). In Australian dam water, Giardia 
lamblia, Cryptosporidium hominis and Cryptosporidium parvum are significant waterborne 
pathogens due to their high infectivity and health significance (Australian Government, 2008). 
Other Cryptosporidium and Giardia genotypes have a species barrier thus are a lower risk to 
human health (Australian Government, 2008). Recreational use of dam water such as 
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swimming and cray fishing pose a potential health risk (Australian Government, 2008). 
Swimming is considered a high-risk factor for contracting Cryptosporidium and Giardia due 
to whole body contact with contaminated water (Australian Government, 2008). Highly 
susceptible individuals to both parasites include children, the elderly and the 
immunocompromised (Australian Government, 2008). Children are more likely to swallow 
contaminated water or sediment and the elderly/ immunocompromised are at a high risk of 
health damage (Australian Government, 2008).   
Of the Cryptosporidium and Giardia genotypes detected in sheep faeces, C. ubiquitum 
and G. duodenalis assemblage A have the greatest public health significance. Cryptosporidium 
ubiquitum is a reported cause of cryptosporidiosis in humans (Fayer et al., 2010) and has been 
found in WA sheep (Yang et al., 2014d). The C. ubiquitum subtype XIIa identified in sheep 
from Farm D has been reported in humans and is a potentially zoonotic subtype (Li et al., 2014). 
Cryptosporidium xiaoi is not a major zoonotic pathogen, having only been reported in two 
HIV-positive individuals in Ethiopia (Adamu et al., 2014). As such, it may present a risk to 
immunocompromised people, but does not appear to be an important cause of gastroenteritis 
outbreaks.  
Giardia duodenalis assemblage A is considered zoonotic (Feng and Xiao, 2011; Ryan 
and Cacciò, 2013), and has been reported in humans in Australia (Read et al., 2004). 
Giardia duodenalis assemblage E was previously thought to be non-zoonotic. However, 
G. duodenalis assemblage E was recently reported in children in Egypt (Abdel-Moein and 
Saeed, 2016) and humans in Australia (Zahedi et al., 2017c), therefore should be considered 
potentially zoonotic. 
 In this study G. duodenalis assemblage E was detected and confirmed in both sheep 
faeces and dam water samples suggesting a potential public health risk for highly susceptible 
individuals such as children, the elderly and the immunocompromised. Zahedi (2017) reported 
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that Giardia duodenalis assemblage E may be zoonotic to humans in certain settings therefore 
healthy individuals may also be at risk. 
 
4.6. Animal production implications 
Four protozoan parasites were identified in these flocks, specifically C. xiaoi, C. 
ubiquitum subtype XIIa, G. duodenalis assemblage E and G. duodenalis assemblage A. C. 
ubiquitum has been associated with diarrheic lambs in Spain and non-diarrhoeic sheep in Asia 
and Spain, this may be due to age-related protective immunity or an increase in physical fitness 
of the adult sheep (Díaz et al., 2018). Adults are usually asymptomatic carriers of 
Cryptosporidium, shedding oocysts intermittently (Díaz et al., 2018). Oocyst shedding is 
exacerbated in periparturient ewes which cause major environmental contamination (Díaz et 
al., 2018). Both Cryptosporidium and Giardia are associated with severe diarrhoea, depression, 
weight loss and mortality in young sheep (Jacobson et al., 2016). Unfortunately, there is little 
research on the impacts of these parasites on ruminant health and production.  
An Australian study reported Cryptosporidium shedding pre-slaughter was associated 
with 1.2% lower dressing percentage, and Giardia shedding post-weaning was associated with 
0.59 kg lower carcass weight for Australian prime lambs (Jacobson et al., 2016) in which the 
same parasite genotypes were predominantly identified (Yang et al., 2014a; Yang et al., 2014c). 
In a study by Sweeny et al. (2011a), neither Cryptosporidium (all species) or Giardia shedding 
was associated with reduced live weight or body condition in prime lambs, which were 
otherwise healthy with no indication of disease outbreak. Other Western Australian studies 
have reported association between detection of Cryptosporidium or Giardia with diarrhoea, 
reduced carcass weight and reduced dressing percentage (Sweeny et al., 2011a), but it should 
be noted that associations were not evident for both parasites on all farms. This suggests that 
parasite factors (including infection size and genotypes present) and host factors (including 
Discussion 
 58 
genetics, nutrition, immunity and concurrent infections) likely determine impact of infection 
on health and productivity. 
The presence of Giardia duodenalis assemblage E both in dam water and in sheep that 
had access to that dam suggests a that dam water may be a source of infection. More research 
is required to provide further evidence to support this claim. Alternative water sources such as 
troughs could be supplied and dams may be fenced off to deter use as a drinking water source 
for sheep. However, Wormboss (2019) states that prevention and treatment for 
Cryptosporidiosis or Giardiasis is not required in Australia. Wormboss (2019) recommends 
providing access to colostrum for lambs under the age of 30 days in order to strengthen their 
immune systems. 
 
4.7. Project limitations 
The small sample size creates uncertainty (larger CI’s). Therefore, this study could 
over-estimate or underestimate the true proportions. The relatively small number of faecal 
samples tested per mob (9-50), and the small sample size of dam water samples tested (n = 
16) likely resulted in an underestimation of species diversity and prevalence of 
Cryptosporidium and Giardia on each farm. It should be noted that dams were sampled when 
sheep were moved however due to time constraints limited dam water samples were tested. 
The overall number of samples collected was small in comparison to other Australian studies 
which reported a higher prevalence of both Cryptosporidium and Giardia in sheep (Ryan et 
al., 2005a; Yang et al., 2014d). 
The lack of Cryptosporidium detection in dam water samples was unexpected. It is 
possible that contaminated pasture run off contaminated the water but did not transmit to the 
sheep. However, it is likely the oocyst recovery methodology for water samples may have 
failed to recover sufficient Cryptosporidium oocysts. Concentration 
Discussion 
 59 
of Cryptosporidium oocysts or Giardia cysts involve either filtration of water through a 
membrane or cartridge filter or via calcium carbonate flocculation. Filtration methods are 
very expensive and frequently show poor recovery rates (as low as 5%) for high turbidity 
waters (Andreol and Sabogal-Paz, 2017). Calcium carbonate flocculation was developed as a 
cost-effective method to increase the oocyst recovery rates, particularly in samples of high 
turbidity (Vesey et al., 1993), as found in dam water. Calcium carbonate flocculation has an 
oocyst recovery rate of above 68% (Vesey et al., 1993), and therefore was the recovery 
method used in the present study. Loss of oocysts can still occur during centrifugation and 
removal of the supernatant, as oocysts may be destroyed or resuspended in the process 
therefore extra care needs to be taken (Vesey et al., 1993).  
In this project, the recovery rate was 72% from spiked water samples, however only 
10L water samples were taken therefor low numbers of oocyst were expected and there was a 
high chance of losing these oocysts throughout the flocculation process. The sampling 
methodology may not have been sufficient in recovering oocysts in dam water. The water was 
sampled in a way that replicated sheep drinking behaviour. The oocysts may not be well 
distributed in water therefore the sediment may need to be disturbed if oocyst have settled at 
the bottom of the lake. 
Dam water samples were not screened with qPCR for Cryptosporidium or Giardia due 
to limited time constraints. qPCR needs to be performed in the future due to the high sensitivity 
and specificity of the assay (Guy et al., 2003). It is strongly recommended to perform qPCR 
screening on dam water samples as Cryptosporidium and Giardia concentrations are 
extremely low (Guy et al., 2003). qPCR has been known to detect DNA from a single G. 
duodenalis cyst and/or C. parvum oocyst (Guy et al., 2003). Dam water samples may also 
contain several organic and inorganic substances that can inhibit PCR assays (Guy et al., 2003). 
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A spike test for Giardia Assemblage A and E on several samples in the present study indicated 
that inhibitors were present which likely resulted in false negatives. 
In the present study, there were also several issues with the nested PCR 
for Giardia such as smears and potentially degraded or low-quality G. duodenalis assemblage 
E controls.  Smears were present on electrophoresis gels. In an effort to reduce the smears, 
DNA dilutions were performed at 1/10 and 1/20 with the latter successfully improving band 
intensity, however smearing was still present. These factors may have impacted sensitivity and 
efficiency of the PCR, and samples should be re-tested at greater dilution factors to further 
reduce the concentration of inhibitors.  
 As previously mentioned, alternative transmission routes were not examined, such as 
pastures and other drinking water sources (i.e. troughs) that were accessed by the sheep.  
 
4.8. Future directions 
A larger number of faecal samples per mob and in total are required to more reliably 
assess prevalence of Cryptosporidium and Giardia in WA sheep. In the present study, the 
remaining dam water (n = 13) and faecal samples (n = 144) need to be screened for 
Cryptosporidium and Giardia to complete the full data set. In the future, winter samples should 
be collected after short duration, high rainfall events to increase the chance of detecting these 
pathogens in dam water. The major unanswered question is whether dam water represents a 
link for Cryptosporidium and Giardia infections in WA sheep. The present study has detected 
Giardia in both sheep and dam water, however dam water tested negative for Cryptosporidium, 
which contradicts other studies (Sweeny et al., 2011b; Wells et al., 2015b). The dilution effect 
of the dam is difficult to assess from this work. Filtration of larger sample volumes are highly 
recommended for ongoing studies. More dam water samples are needed across a larger number 
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of WA farms in order to gain more evidence to support that dam water is a transmission source 




Four protozoan pathogens were detected in sheep flocks, specifically, C. xiaoi, C. 
ubiquitum, G. duodenalis assemblage E and G. duodenalis assemblage A. Of these, only G. 
duodenalis assemblage E was confirmed as present in dam water used as drinking water source 
for sheep. Dam water may represent a source of infection for G. duodenalis in sheep as most 
sheep mobs drinking from contaminated dam water were infected however, other transmission 
routes such as faecal contamination of feed or water accessed pre-weaning likely contribute to 
Cryptosporidium and Giardia infections in sheep. Further research is required to support the 
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Appendix A: Sample Identification Codes 
Table A.1 Sample identification codes for dam water and faecal samples. 





Farm A  Autumn FA.D1.S Mob A  FASS1-16 17 
 Autumn FA.D2.S Mob B FAS17-32 17 
 Autumn FA.D3.S Mob C FAS33-50 19 
 Winter FA.D1.W moved ona  - 1 
 Winter FA.D2.W moved on  - 1 
 Winter FA.D3.W moved on  - 1 
 Winter FA.D4.W Mob A,B&C FAWS1-50 51 
Farm B  Autumn FB.D1.S Mob D FBSS1-25 26 
  FB.D2.S Mob E FBSS26-50 26 
 Winter FB.D1.W moved on - 1 
  FB.D2.W Mob E FBWS1-25 26 
  FB.D3.W Mob D FBWS26-50 26 
Farm C  Autumn FC.D1.S Mob F FCSS1-25 26 
 Winter FC.D1.W moved on - 1 
  FC.D2.W Mob F FCWS1-25 26 
Farm D  Autumn FD.P1.D1.S Mob G FDSS1-25 26 
  FD.P1.D2.S Mob G FDSS1-25 26 
  FD.P2.D3.S Mob H FDS26-50 26 
 Winter FD.P1.D1.W Mob I FDWS1-9 10 
  FD.P1.D2.W Mob I FDWS10-24 15 
  FD.P2.D3.W Mob H moved on 1 
Farm E Autumn FE.P1.D1.S Mob J FESS1-25 26 
  FE.P1.D2.S Mob J FESS1-25 26 
 Winter FE.P1.D1.W moved on - 1 
  FE.P1.D2.W moved on - 1 
  FE.P2.D1.W Mob J FESWS1-24 25 (failed) 
Farm F  Autumn FF.D1.S Mob K FFSS1-25 26 
  Winter FF.D1.W moved on - 1 
Total sample no. n = 28 - n = 418  n = 451 




Appendix B: Modifications to DNA extraction methodology 
Table B.1 Volumes of PCR grade water and C1 solution added to faecal samples for gDNA 
extraction with a Power Soil DNA Kit 
Sample ID PCR grade water 
added (µL) 
 C1 added (µL) 
FBSS23 250 120 
FBSS26 250 120 
FBSS27 250 120 
FBSS28 250 120 
FBSS30 0 120 
FBSS31 250 60 
FBSS34 250 60 
FBSS35 250 60 
FBSS36 250 60 
FBSS37 250 60 
FBSS38 250 60 
FBSS39 250 60 
FBSS40 0 60 
FBSS41 250 60 
FBSS42 0 120 
FBSS43 0 120 
FBSS45 250 120 
FBSS46 250 120 
FBSS50 0 120 





Appendix C: Gel electrophoresis images  
 
Figure C.1 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. Lane (L) 1: 100 bp DNA 
ladder (arrow shows DNA fragment size of 500 bp); L2: FASS44; L3: FASS45; L4: FASS46; 
L5: FASS48; L6: FASS49; L7: FASS50; L8: FBSS1; L9: FBSS2; L10: FBSS4; L11: FBSS5; 
L12: FBSS6; L13: FBSS8; L14: Cryptosporidium hominis positive control; L15: NTC; L16: 
FBSS9; L17: FBSS10; L18: FBSS11; L19: FBSS12; L20: FBSS15; L21: FBSS16; L22: 
FBSS18; L23: FBSS20; L24: FBSS29; L25: FBSS32; L26: FBSS39; L27: FBSS44; L28: 
FBSS47; L29: FCSS1; and L30: FCSS4. A technical error was experienced which resulted in 
the loss of the gel electrophoresis image for the following samples: FASS1, FASS2, FASS3, 
FASS4, FASS6, FASS7, FASS9, FASS11, FASS12, FASS15, FASS17, FASS18, FASS19, 








FASS24, FASS25, FASS26, FASS27, FASS31, FASS32, FASS33, FASS34, FASS35, 
FASS36, FASS37, FASS39 and FASS43. 
       
 
Figure C.2 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1 and L16: 100 bp 
DNA ladder (arrow shows DNA fragment size of 500 bp); L2: FCSS6; L3: FCSS10; L4: 
FCSS11; L5: FCSS12; L6: FCSS14; L7: FCSS15; L8: FCSS21; L9: FCSS22; L10: FCSS23; 
L11: FCSS25; L12: FDSS1; L13: FDSS3; L14: FDSS5; L15: FDSS6; L17: FDSS7; L18: 
FDSS8; L19: FDSS9; L20: FDSS10; L21: FDSS11; L22: FDSS12; L23: FDSS14; L24: 
FDSS15; L25: FDSS16; L26: FDSS19; L27: FDSS22; L28: FDSS23; L29: FDSS24; and L30: 
FDSS26. 
             












Figure C.3 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1: 100 bp DNA ladder 
(arrow shows DNA fragment size of 500 bp); L2: FDSS27; L3: FDSS28; L4: FDSS29; L5: 
FDSS30; L6: FDSS31; L7: Cryptosporidium hominis positive control; L8: NTC L9: FDSS37; 














Figure C.4 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1 and L16: 100 bp 
DNA ladder (arrow shows DNA fragment size of 500 bp); L2: FDSS50; L3: Cryptosporidium 
hominis positive control; L4: NTC; L5: FESS5; L6: FESS8; L7: FESS25; L8: FFSS1; L9: 
FFSS3; L10: FFSS6; L11: FFSS9; L12: FFSS10; L13: FFSS14; L14: FFSS15; L15: FFSS17; 
L17: FFSS18; L18: FFSS23; L19: FFSS25; L20: FAWS5; L21: FAWS15; L22: FAWS17; 
L23: Cryptosporidium hominis positive control; L24: NTC; L25: FAWS27; L26: FAWS32; 

















Figure C.5 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1 and L16: 100 bp 
DNA ladder (arrow shows DNA fragment size of 500 bp); L2: FCWS8; L3: FCWS13; L4: 
FCWS16; L5: FDWS2; L6: FDWS5; L7: FDWS7; L8: FDWS11; L9: FDWS12; L10: 
FDWS13; L11: FDWS15; L12: FDWS17; L13: FDWS18; L14: FDWS19; L15: FDWS20; 
L17: FDWS21; L18: Cryptosporidium hominis positive control; L19: NTC; L20: FDWS22; 
and L21: FDWS23.  
         
















Figure C.6 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1 and L16: 100 bp 
DNA ladder (arrow shows DNA fragment size of 500 bp); L2: FBWS3; L3: FBWS6; L4: 
Cryptosporidium hominis positive control; L5: NTC; L6: FBWS7; L7: FBWS13; L8: 
FBWS18; L9: FBWS19; L10: FBWS22; L11: FBWS23; L12: FBWS25; L13: FBWS26; L14: 
FBWS27; L15: Cryptosporidium hominis positive control; L17: NTC; L18: FBWS28; L19: 
FBWS30; L20: FBWS31; L21: FBWS32; L22: FBWS33; L23: FBWS34; L24: FBWS36; L25: 
FBWS37; L26: FBWS39; L27: FBWS41; L28: FBWS42; L29: FBWS43; and L30: 
Cryptosporidium hominis positive control. 
            
            
   












Figure C.7 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium spp. with conventional nested PCR at the 18S locus. L1: 100 bp DNA ladder 
(arrow shows DNA fragment size of 500 bp); L2: NTC; L3: FBWS44; L4: FBWS46; L5: 
FBWS47; L6: FBWS48; L7: FBWS49; L8: FBWS50; and L9: FCWS2. 
        








Figure C.8 Gel electrophoresis image of faecal samples from sheep screened for 
Cryptosporidium ubiquitum using conventional nested PCR at the gp60 locus.  L1 and L11: 
100 bp DNA ladder (arrow shows DNA fragment size of 500 bp); L2: FDSS22; L3: FDSS26; 
L4: FDSS37; L5: FDSS50; L6: FDWS2; L7: FDWS5; L8: FDWS7; L9: FDWS15; L10: 
FDWS22; L12: FCSS10; L13: FDSS10; L14: FCSS10; L15: FDSS10; L16: NTC; L17: NTC; 

















Figure C.9 Gel electrophoresis image of faecal samples from sheep screened for Giardia 
duodenalis assemblage A. L1 and L16: 100 bp DNA ladder (arrow shows DNA fragment size 
of 500 bp); L2: FBSS21; L3: FBSS22; L4: FESS1; L5: FDWS10; L6: FDWS16; L7: FCWS8; 
L8: FDWS8; L9: FCWS23; L10: FBWS2; L11: FBWS8; L12: FSSC16; L13: FSSC21; L14: 
FSSD3; L15: FSSD7; L17: FSSD8; L18: FSSD11; L19: FES5; L20: FFS2; L21: FFS14; L22: 
FFSS23; L23: FFSS25; L24: FDWS4; L25: FDWS5; L26: Ass. E; L27: NTC; and L28: G. 
duodenalis Assemblage A Positive Control. 
  












Figure C.10 Gel electrophoresis image of faecal samples from sheep screened for Giardia 
duodenalis assemblage E. L1 and L16: 100 bp DNA ladder (arrow shows DNA fragment size 
of 500 bp); L2: FBSS21; L3: FBSS22; L4: FESS1; L5: FDWS10; L6: FDWS16; L7: Ass.A; 
L8: FDWS8; L9: Ass. E; L10: FBWS2; L11: FBWS8; L12: FSSC16; L13: FSSC21; L14: 
FSSD3; L15: FSSD7; L17: FSSD8; L18: FSSD11; L19: FES5; L20: FFS2; L21: FFS14; L22: 



















Figure C.11 Gel electrophoresis image of dam water samples screened for Cryptosporidium 
spp. using conventional nested PCR at the 18S locus. L1 and L16: 100 bp DNA ladder (arrow 
shows DNA fragment size of 500 bp); L2: PosPW68; L3: NTC; L4: FB.D1.S; L5: FB.D1.W; 
L6: FC.D1.S; L7: FC.D1.W; L8: FD.P1.D1.S; L9: FD.P1.D2.S; L10: FD.P1.D1.W; L11: 
FD.P1.D2.W; L12: Cryptosporidium hominis positive control; L13: NTC; L14: FD.P2.D3.S; 
L15: FD.P2.D3.W; L17: FE.P1.D1.S; L18: FE.P1.D2.S; L19: FE.P1.D1.W; L20: FE.P1.D2.W; 


















Figure C.12 Gel electrophoresis image of dam water samples screened for G. duodenalis 
assemblage E. Lane (L) 1 and L16: 100 bp DNA ladder (arrow shows DNA fragment size of 
500 bp); L2: FB.D1.S; L3: FB.D1.W; L4: FC.D1.S; L5: FC.D1.W; L6: FD.P1.D1.S; L7: 
FD.P1.D2.S; L8: FD.P1.D1.W; L9: FD.P1.D2.W; L10: FD.P2.D3.S; L11: FD.P2.D3.W; L12: 
FE.P1.D1.S; L13: FE.P1.D2.S; L14: FE.P1.D1.W; L15: FE.P1.D2.W; L17: FF.D1.S; L18: 
FF.D1.W; L19: G. duodenalis assemblage B positive control; L20: G. duodenalis assemblage 
A positive control; L21: NTC; and L22: G. duodenalis assemblage E positive control. 
 
 














Figure C.13 Gel electrophoresis image of dam water samples screened for Giardia 
assemblages A and E (serial DNA dilutions and spike test). L1 and L16: 100 bp DNA ladder 
(arrow shows DNA fragment size of 500 bp); L2: FB.D1.S; L3: FC.D1.S; L4: FC.P1.D1.S; L5: 
FD.P1.D1.W; L6: Assemblage A PC; L7: Assemblage B PC; L8: Assemblage E (1/10); L9: 
NTC ; L10: FB.D1.S (1/10); L11: FC.D1.S (1/10); L12:FD.P1.D1.W (1/10); L13: FE.P1.D1.S 
(1/10); L14: Assemblage A (1/10); L15: Assemblage B (1/10); L17:Assemblage E; L18:NTC; 
L19: FB.D1.S (1/20); L20: FC.D1.S (1/20); L21: FD.P1.D1.W (1/20); L22: FE.P1.D1.S (1/20); 
L23: Assemblage A (1/20), L24: Assemblage B (1/20), L25: Assemblage E (1/20), L26: NTC, 
L27: FB.D1.S (1/1 + 0.5A), L28: FC.D1.S (1/1 + 0.5A), L29: FD.P1.D1.W (1/1 + 0.5A), L30: 
FE.P1.D1.S (1/1 + 0.5A) 
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15











Figure C.14 Gel electrophoresis image of dam water samples screened for Giardia 
assemblages A and E (serial DNA dilutions and spike test). L1 and L16: 100 bp DNA ladder 
(arrow shows DNA fragment size of 500 bp); L2: FB.D1.S (1/10 +0.5A); L3: FC.D1.S (1/10 
+0.5A); L4: FD.P1.D1.W (1/10 +0.5A); L5: FE.P1.D1.S (1/10 +0.5A); L6: FB.D1.S (1/20 
+0.5A); L7: FC.D1.S (1/20 +0.5A); L8: FD.P1.D1.W (1/20 +0.5A); L9: FE.P1.D1.S (1/20 
+0.5A); L10: FB.D1.S (1/1 + 0.5B); L11: FC.D1.S (1/1 + 0.5B); L12: FD.P1.D1.W (1/1 + 
0.5B); L13: FE.P1.D1.S (1/1 + 0.5B); L14: FB.D1.S (1/10 +0.5B); L15: FC.D1.S (1/10 +0.5B); 
L17: FD.P1.D1.W (1/10 +0.5B); L18: FE.P1.D1.S (1/10 +0.5B); L19: FB.D1.S (1/20 +0.5B); 
L20: FC.D1.S (1/20 +0.5B); L21: FD.P1.D1.W (1/20 +0.5B); L22: FE.P1.D1.S (1/20 +0.5B); 
L23: FB.D1.S (1/1 + 0.5E), L24: FC.D1.S (1/1 + 0.5E), L25: FD.P1.D1.W (1/1 + 0.5E), L26: 
FE.P1.D1.S (1/1 + 0.5E), L27: FB.D1.S (1/10 +0.5E); L28: FC.D1.S (1/10 +0.5E), L29: 
FD.P1.D1.W (1/10 +0.5E), L30: FE.P1.D1.S (1/10 +0.5E). 
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15











Figure C.15 Gel electrophoresis image of dam water samples screened for Giardia 
assemblages A and E (serial DNA dilutions and spike test). L1: 100 bp DNA ladder (arrow 
shows DNA fragment size of 500 bp); L2: FB.D1.S (1/20 +0.5E); L3: FC.D1.S (1/20 +0.5E); 















Figure C.16 Gel electrophoresis image of dam water samples screened for Giardia duodenalis 
assemblage B. L1 and L16: 100 bp DNA ladder (arrow shows DNA fragment size of 500 bp); 
Lane 1 and 2: 100 bp DNA ladder (arrow shows DNA fragment size of 500 bp); Lanes 2 – 18: 
samples: FB.D1.S, FB.D1.W, FC.D1.S,  FC.D1.W, FD.P1.D1.S, FD.P1,D2.S, FD.P1.D1.W, 
FD.P1.D2.W, FD.P2.D3.S, FD.P2.D3.W, FE.P1.D1.S, FE.P1.D2.S, FE.P1.D1.W, 
FE.P1.D2.W, FF.D1.S, FF.D1.W; Lane 19: NTC. Lane 20: G. duodenalis assemblage A 
positive control; Lane 21: G. duodenalis assemblage B positive control; Lane 22: G. duodenalis 
assemblage E positive control. 
 
 












Figure C.17 Gel electrophoresis image of dam water samples screened for G. duodenalis 
assemblage A. Lane 1: 100 bp DNA ladder (arrow shows DNA fragment size of 500 bp); Lanes 
2 – 18: samples FB.D1.S, FB.D1.W, FC.D1.S FC.D1.W, FD.P1.D1.S, FD.P1,D2.S, 
FD.P1.D1.W, FD.P1.D2.W, FD.P2.D3.S, FD.P2.D3.W, FE.P1.D1.S, FE.P1.D2.S, 
FE.P1.D1.W, FE.P1.D2.W, FF.D1.S, FF.D1.W; Lane 19: G. duodenalis assemblage E NTC. 
Lane 20 G. duodenalis assemblage A positive control; Lane 20: G. duodenalis assemblage B 

















Appendix D: Giardia duodenalis assemblage E sequence alignment 
Figure D.1 Nucleotide sequence alignment of 305 bp G. duodenalis assemblage E tpi gene 
sequences identified in dam water samples. Asterisks (*) denote the positions of ambiguous 
nucleotides (in bold typeface), with the following IUPAC codes: R = A or G; S = G or C; K = 








            1
FB.D1.S     AGCGGCGCAG AATGTGTACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
FD.P1.D2.S  AGCGGCGCAG AATGTGTACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
FD.P2.D3.W  AGCGGCGCAG AATGTGTACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
FE.P1.D2.S  AGCGGCGCAG AATGTGTACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
FE.P1.D1.W  AGCGGCGCAG AATGTGTACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
FE.P1.D2.W  ARCGSCGCAS AATGTGKACC TAGAGGGGAA TGGAGCGTGG ACTGGTGAGA CGAGTGTTGA GATGCTTCAG
           71
FB.D1.S     GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
FD.P1.D2.S  GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
FD.P2.D3.W  GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
FE.P1.D2.S  GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
FE.P1.D1.W  GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
FE.P1.D2.W  GACATGGGCT TGGAGTACGT GATAATAGGG CATTCTGAAA GGCGTAGAAT CATGGGGGAG ACCGACGAGC
          141
FB.D1.S     AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTTG GAGAGACCCT
FD.P1.D2.S  AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTTG GAGAGACCCT
FD.P2.D3.W  AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTTG GAGAGACCCT
FE.P1.D2.S  AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTTG GAGAGRCCCT
FE.P1.D1.W  AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTTG GAGAGACCCT
FE.P1.D2.W  AGAGTGCCAA GAAGGCTAAG CGTGCTCTAG AAAAGGATAT GACGGTTATC TTTTGTGTYG GAGAGACCCT
          211
FB.D1.S     TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
FD.P1.D2.S  TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
FD.P2.D3.W  TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
FE.P1.D2.S  TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
FE.P1.D1.W  TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
FE.P1.D2.W  TGATGAGCGC AAGGCCAACC GCACCATGGA GGTAAACATT GCTCAGCTTG AGGCGCTCAG CAAAGAGCTC
          281
FB.D1.S     GGGGAATCTA AGCTGCTATG GAAAA
FD.P1.D2.S  GGGGAATCTA AGCTGCTATG GAAAA
FD.P2.D3.W  GGGGAATCTA AGCTGCTATG GAAAA
FE.P1.D2.S  GGGGAATCTA AGCTGCTATG GAAAA
FE.P1.D1.W  GGGGAATCTA AGCTGCTATG GAAAA
FE.P1.D2.W  GGGGAATCTA AGCTGCTATG GAAAA
          305
Sample ID
 *   *     *        *
            *        *
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Appendix E: Giardia duodenalis assemblage E sequence chromatogram 
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Figure E. 1 Mixed sequence chromatogram of 305 bp sequence from samples FB.D1.S, 
FD.P1.D2.S, FD.P2.D3.W, FE.P1.D2.S, FE.P1.D1.W, FE.P1.D2.W sequenced with a forward 
primer (Ef) designed to amplify G. duodenalis assemblage E. 
 
Appendix F: Mixed sequence chromatogram 
 
 
Figure F. 1 Mixed sequence chromatogram of 316 bp sequence from sample FFD1.W 
sequenced with a forward primer (Af) designed to amplify G. duodenalis assemblage A. 
 
 
